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CHAPTER 1. GENERAL INTRODUCTION 
HIGHLIGHTS 
The four papers of this thesis, which are contained in chapters 2-5, have made a number of 
significant contributions to the fields of NDE modeling and NDE measurements. These 
contributions are: 
Chapter 2: A new ultrasonic measurement model that has been recently developed is 
combined with exact and approximate scattering models to predict the ultrasonic response of 
a side-drilled hole. The model is validated by comparing it to experiments. Side-drilled holes 
are commonly used reference reflectors in NDE studies, so this new modeling capability now 
allows us to accurately simulate these important calibration setups. 
Chapter 3: In this paper a series of modeling/experimental "benchmarking" studies for 
spherical pores, flat-bottom holes, and side-drilled holes are described. These studies 
delineate where approximate and more exact scattering models are needed for these standard 
reference reflectors and where the ultrasonic beam models used are and are not accurate. 
Benchmarking studies of this type demonstrate the capability of models to accurately 
simulate ultrasonic measurements and define the boundaries of applicability of those models. 
Chapter 4: A simple and practical model-based method for simultaneously determining the 
sensitivity and electrical impedance of a commercial ultrasonic transducer is developed in 
this paper. The method relies only on electrical measurements which are made in a single 
transducer pulse-echo setup. The method agrees with sensitivity measurements made with a 
more complex three-transducer procedure. Electrical impedance and sensitivity are the two 
key parameters needed to characterize the effects that a transducer has as either a transmitter 
or receiver (or both) in an ultrasonic measurement system so that an effective measurement 
procedure for these parameters allows us to quantitatively describe the role of the transducer 
in the measurement process. 
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Chapter 5: The transducer impedance and sensitivity measurements developed in Chapter 4 
are used in this paper in conjunction with measurement procedures for all the other electrical 
elements in an ultrasonic measurement system to determine a system transfer function that 
characterizes the combined effect of the pulser/receiver, cabling, and transducers. The system 
transfer function obtained in this fashion is shown to agree with the same function as 
measured directly in a calibration setup. When the system transfer function is also combined 
with models of the acoustic/elastic processes present in a measurement system, it is shown 
that the measured signals of the entire measurement system can be accurately simulated. This 
paper demonstrates that we can model and measure all the elements of an ultrasonic system 
and determine the contributions of each element to the entire measurement chain. This 
capability allows us to design/engineer ultrasonic systems at many levels. 
GENERAL INTRODUCTION 
Modeling plays an important role in NDE inspections. Modeling allows us to 
understand the physics involved in the generation of ultrasound, its propagation and 
scattering from flaws in a specimen under inspection, and the reception of the scattered flaw 
signal. A model of all these elements of the measurement process that predicts the output 
voltage signal in an ultrasonic test is called an ultrasonic measurement model [1]. 
One way to obtain an ultrasonic measurement model is by assuming each component 
of an NDE measurement system can be modeled as a single input, single output linear time 
shift invariant system (LTI system) [2], The frequency spectrum of the output voltage is then 
related to the input voltage frequency components by a product of the transfer functions of 
the LTI systems used to describe all the system components. 
A more general ultrasonic measurement model was developed by Auld [3], This 
model is based only on the assumption of linearity and electromechanical reciprocity 
principles and is the basis of many of the ultrasonic models used worldwide today. Auld 
showed that in an ultrasonic flaw measurement setup changes in the transmission coefficient 
of the cable attached to the receiving transducer due to the presence of the flaw could be 
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related to an integral of the elastic wave fields present on the surface of the flaw. In an 
ultrasonic measurement this change in the transmission coefficient can be considered to be 
directly proportional to the measured output voltage frequency components [2]. Schmerr [2], 
using purely mechanical reciprocity relations, obtained a measurement model very similar to 
Auld's form. Both of these Auld type of measurement models, however, do not decompose 
the measurement model process into distinct components as was done by using an LTI 
systems approach. This decomposition is important since it allows one to separate out the 
flaw response (which is generally what one wants to know) from all the other parts of the 
ultrasonic system (pulser/receiver, cabling, transducers) that affect the measured flaw signal. 
In a seminal paper, Thompson and Gray [4] were the first to reduce Auld's 
measurement model into the form of a product of LTI transfer functions. To make this 
reduction Thompson and Gray assumed that incident wave fields at the flaw were quasi-
plane waves and that those fields did not vary significantly over the flaw surface (i.e. we 
have a "small" flaw). They then evaluated the integrals in Auld's model by a far-field, high 
frequency approximation. Schmerr [2] subsequently showed that the high frequency 
approximation step was not needed so that to go from an Auld type of model to one in terms 
of a product of LTI system transfer functions one only needs to make the quasi-plane wave 
and small flaw assumption. 
A measurement model for a small cross-sectional area cylindrical cavity was 
developed by Schmerr and Sedov [5], This model is similar to the Thompson-Gray model in 
that it neglects variations of the incident wave field over the cross-sectional area of the cavity 
but it does accounts for those variations along the length of the cavity. The model also 
assumes that the incident wave direction is in a plane normal to the axis of the cylindrical 
cavity. This measurement model is described in detail in chapter 2. 
Both the Thompson-Gray and Schmerr-Sedov measurement models are modular 
models where the contribution of elements in the measurement process can be calculated and 
analyzed independently. This modular form of both models makes it possible to extract the 
flaw response, expressed in terms of the plane wave far-field scattering amplitude, from the 
total measured response by deconvolution. Thompson and Gray demonstrated this 
deconvolution process for small, 3-D flaws in their original paper [4], In chapter 2, the 
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scattering amplitude of a two-dimensional "flaw" -a side-drilled hole - is obtained in a 
similar fashion. 
Taken together, these three types of measurement models (Auld, Thompson-Gray and 
Schmerr-Sedov) give us the capability of predicting the response of a wide range of 
scatterers. Scatterers that are particularly important in NDE are flat-bottom holes, spherical 
voids and side-drilled holes. These scatterers are commonly used as reference reflectors to 
calibrate equipment and for specifying flaw detectability criteria. In chapter 3, measurement 
models that can be used to predict the response from both small and large reference reflectors 
of these types are described. 
To predict the flaw response using a measurement model it is necessary to have an 
ultrasonic beam model to predict the sound field generated by a transducer in a specimen and 
a flaw scattering model that can predict the waves generated by the interaction of the 
ultrasonic beam with the flaw. Various ultrasonic beam models that are currently used 
include: 1) point source superposition models [2, 6, 7], 2) angular plane wave spectrum 
models [8, 9], 3) finite element and boundary element models [10, 11, 12], 4) Gauss-Hermite 
beam models [13, 14], and 5) multi-Gaussian beam models [15, 16]. The first three beam 
models listed are computationally intensive models. The Gauss-Hermite and multi-Gaussian 
beam models are models based on the paraxial approximation which greatly speeds the 
calculation of the beam pattern but they do lose accuracy in a number of testing situations 
(i.e., near a critical angle, at a location where the surface curvature changes rapidly, for very 
tightly focused transducers, and near grazing incidence to an interface). 
In the works presented in chapters 2 and 3, a multi-Gaussian beam model has been 
used to predict the ultrasonic beam. This model was selected because it is computationally 
very efficient and works well in the cases most commonly encountered in NDE testing. In 
chapter 3 it is shown that one can even use the multi-Gaussian beam model when inspecting 
near a critical angle by modifying the transmission coefficient appearing in that model to 
account for the rapid variations of that transmission coefficient. 
For flaw scattering, it is possible to use a purely numerical approach such as finite 
elements or boundary elements to obtain the waves scattered from many types of reflectors. 
However, these methods are computationally inefficient. Another method that has been 
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widely used to model simple reference scatterers is the method of separation of variables for 
spherical and cylindrical reflectors [17-28], The method of optimal truncation (MOOT), 
which is closely related to T-matrix methods [29] has been used for spheroidal voids and 
circular cracks [30]. The separation of variables method and MOOT are still computationally 
intensive since they express the scattering amplitude in terms of infinite sums that must be 
calculated numerically and the number of terms used in this calculation increases as the 
scatterer becomes larger or the frequency increases. However, the scattering models obtained 
using those methods can be considered to be "exact" and therefore, they have been frequently 
used to test the accuracy of approximate scattering models. 
One approximate flaw scattering model commonly used is the Kirchhoff 
approximation. This approximation in some cases leads to explicit approximate expressions 
for the scattering amplitude for both volumetric and crack-like flaws [2]. The Kirchhoff 
approximation is well known to work well when: 1) the wavelength is small with respect to 
the flaw size, and 2) the measurement result is dominated by specular signals. 
In chapter 2, both the Kirchhoff approximation and the separation of variables 
solution for the scattering amplitude of a cylindrical cavity (side-drilled hole) are described 
and compared. In chapter 3, a study is made regarding the adequacy of the Kirchhoff 
approximation to predict the response of three commonly used reference reflectors (spherical 
pore, flat-bottom hole, side-drilled hole) by comparing its ability to predict experimentally 
measured signals from these reflectors with flaw responses obtained using more exact 
scattering models. The study also determines when the "small" flaw measurement model of 
Thompson-Gray and Schmerr-Sedov are adequate for these reflectors and when a more 
general model of the Auld type is needed. 
The measurement models mentioned so far are models in which the acoustic/elastic 
processes (i.e., propagation, transmission, diffraction corrections, attenuation and flaw 
scattering) are described in detail and the electrical and electromechanical parts of the 
ultrasonic system are combined into a single function called the system efficiency factor, a 
factor which is obtained experimentally from a reference scattering configuration [2, 4, 31], 
Dang et. al. have developed an overall ultrasonic system model, called an electroacoustic 
measurement model that directly models all the electrical and electromechanical components 
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of the ultrasonic measurement system that make up the system efficiency factor [32-34], The 
electroacoustic measurement model allows one to quantitatively examine the effects of the 
electrical and electromechanical parts of a measurement model in the same way that 
Thompson-Gray and Schmerr-Sedov models allow one to consider the purely mechanical 
(acoustic/elastic) terms. 
The pulser/receiver, cabling, and transducers are all the electrical and 
electromechanical elements in an ultrasonic measurement system that combined make up the 
system efficiency factor. Transducers in particular are key elements in the ultrasonic 
measurement system as they are the components that both generate and detect the ultrasonic 
waves. Therefore, many studies have been carried out over the years to develop models to 
characterize transducer behavior as well as for designing transducers suitable for specific 
studies. 
An ultrasonic transducer normally has a piezoelectric crystal that converts electrical 
energy into mechanical energy and vice versa. However, it is not practical to describe the 
transducer behavior in terms of these underlying electromagnetic and mechanical fields. 
Instead, by means of electromechanical reciprocity principles [2, 32, 33, 35, 36], and by 
making some simple assumptions on the nature of the fields present at the electrical and 
acoustical ports of the transducer a transducer can be described as a two-port network 
modeled by a 2x2 transfer matrix which relates the voltage and current at the electrical port 
of the transducer to the force and velocity at the acoustic port. The elements of a transducer 
transfer matrix can be obtained if the detailed material and geometrical properties of the 
elements within the transducer are known [32, 33, 37]. Although this approach is useful in 
transducer design, those properties cannot be determined for a commercial transducer. In 
principle, if one did a sufficient number of both electrical and acoustic measurements at the 
transducer ports one could obtain the transducer transfer matrix of a commercial transducer. 
To date, however, no practical procedures of this type exist and so a complete 
characterization of a commercial transducer in this manner [38], is not available. 
Recently, it has been shown [32, 34] that it is not necessary to determine all the 
elements of the transducer transfer matrix to characterize the effect that an ultrasonic 
transducer has in the overall ultrasonic measurement system during both the sound 
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generation and reception processes. Instead, only two parameters need to be determined - the 
transducer input electrical impedance and its open-circuit blocked force receiving sensitivity. 
The electrical impedance is just the ratio of the voltage and current present at the transducer 
electrical port when the transducer is acting as a transmitter. Therefore, it can be determined 
experimentally by simple electrical measurements or by using an impedance analyzer [38, 
39]. The open-circuit receiving sensitivity is defined as the voltage measured at the 
transducer electrical port in open-circuit conditions when the transducer is acting as a 
receiver, divided by the blocked-force present at the transducer acoustical port. This 
sensitivity on the other hand is much more challenging to determine experimentally since by 
definition it involves both electrical and mechanical quantities. 
In the acoustic literature, [40-45] the open-circuit receiving sensitivities of 
electroacoustic transducers operating at kilohertz frequencies have been obtained by a three-
transducer reciprocity calibration procedure that uses only electrical measurements and 
eliminates the need of making measurements of the mechanical fields at the transducer 
acoustic port. This procedure requires, besides the transducer whose sensitivity is to be 
determined, the use of two additional transducers in various pitch-catch configurations. 
Besides the three-transducer calibration procedure, a "self-reciprocity" calibration 
method has been used to determine a single transducer sensitivity in an immersion setup [46-
50]. Using this method, White [48] obtained the receiving sensitivity of a "composite" 
transducer by making only electrical measurements and modeling the pulse generator by a 
Thevenin equivalent circuit. The "composite" transducer consisted of the actual transducer in 
parallel with a resistor equal to the measured internal resistance of the pulse generator. 
Therefore, whenever the calibrated transducer is used, a resistor of equal value to that used in 
the calibration needs to be connected across the transducer terminals. The self-reciprocity 
calibration method used so far is limited to low frequency transducers as no compensation for 
cabling effects is made. Using similar self-reciprocity measurements, the sensitivity of 
contact transducer has also been obtained [51, 52]. 
Dang [32] modified the three-transducer reciprocity calibration method used for low 
frequency transducers to determine the open-circuit, blocked force sensitivity of ultrasonic 
immersion transducers. This modified method uses purely electrical measurements and 
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includes a compensation for cabling effects present on the measured responses needed to 
determine the transducer sensitivity, since it has been proved that cabling effects cannot be 
neglected at the megahertz frequencies used in ultrasonic NDE [39]. 
For acoustic transducer studies, a parameter called the reciprocity parameter appears 
in the determination of the open-circuit receiving sensitivity by the reciprocity calibration 
method. In the acoustics literature this reciprocity parameter has been obtained for different 
conditions such as: spherical waves, plane waves, cylindrical waves, diffuse sound, couplers 
and tubes [40, 43, 45, 53-56]. However, Dang et. al. have shown that many of these different 
reciprocity parameters are just different limits of an acoustic transfer function that accounts 
for all the wave propagation and diffraction effects occurring in the fluid between two 
transducers [32, 33]. This acoustic transfer function provides a generalization of the 
reciprocity parameter for a calibration setup where the transducers do not necessarily have to 
be in the very near field or far-field. 
In chapter 4, a new model-based method is developed to determine the sensitivity and 
electrical impedance of an ultrasonic immersion transducer in a pulse-echo setup. This 
method uses only the transducer whose sensitivity is to be determined and requires two pairs 
of voltage/current measurements at the transducer electrical port to determine both transducer 
parameters. The measurement procedure is greatly simplified with this new approach in 
comparison with the three-transducer method, and it does not limit the transducer to be in the 
far field as the self-reciprocity method does. It also does not require the use of a perfect 
planar reflector since the acoustic transfer function modeled for the waves reflected from the 
front surface of a solid block is used instead [57, 58]. 
The model-based foundations of the pulse-echo approach are described in detail in 
chapter 4 as well as the measurement protocol for determining experimentally the transducer 
sensitivity and impedance. Cabling effects are also taken into account. Sensitivities obtained 
using this pulse-echo method are compared to those obtained using Bang's three-transducer 
calibration procedure. The variability of transducer electrical impedance and sensitivity due 
to instrumentation factors such as cabling and puiser damping setting is also discussed. 
In chapter 5, all the elements in a pitch-catch ultrasonic measurement system are 
completely characterized using the electroacoustic measurement model. In these studies the 
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transducer electrical impedance and sensitivity used in the measurement model were 
obtained following the procedure described in chapter 4. Examples of the different 
component's parameters determined experimentally are presented. In this model the 
contribution of all the electrical and electromechanical components are grouped into a term 
called system transfer function which is similar to the efficiency factor used in the 
Thompson-Gray and Schmerr-Sedov measurement models. It is shown that the direct 
measurement of this system transfer function in a calibration setup agrees with a 
determination of this function by measurements of all its underlying components 
(pulser/receiver, cabling, and transducers). Also, by combining all the measured and modeled 
elements of an ultrasonic measurement system it is shown that the measured output signal of 
the system can be accurately simulated. 
DISSERTATION ORGANIZATION 
This dissertation is written in an alternative format and consists of a general 
introduction, four papers, and a general summary/conclusions. References cited in the 
general introduction can be found in the "Literature Cited" section of this work. 
The four papers contain topics of research that have been submitted for publication. 
The first paper (or chapter) describes a measurement model to predict the response from long 
cylindrical cavities (side-drilled holes) and describes both exact and an approximate flaw 
scattering models for this type of reflector. The first paper is an extension of a paper that 
appeared in Review of Progress in Quantitative Nondestructive Evaluation, Vol. 23, (pp 95-
102). The extended paper has been submitted to the Journal of Nondestructive Evaluation. 
The second paper, which describes measurement models that can be used to predict the 
response from various small and large size reference reflectors, is an extension of a paper that 
appeared in Review of Progress in Quantitative Nondestructive Evaluation, Vol. 24, (pp 97-
104). The extended version of this paper has been submitted for publication to the Research 
in Nondestructive Evaluation. The third chapter describes our new method to determine the 
sensitivity and input electrical impedance of an ultrasonic transducer in a pulse-echo setup. It 
has been submitted for publication to the Journal of the Acoustical Society of America. The 
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fourth chapter, which describes the characterization of a pitch-catch ultrasonic NDE 
measurement system and its sensitivity to changes in the puiser damping setting, will be 
submitted for publication to Research in Nondestructive Evaluation. 
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CHAPTER 2. MEASUREMENT MODELS AND SCATTERING 
MODELS FOR PREDICTING THE ULTRASONIC PULSE-ECHO 
RESPONSE FROM SIDE-DRILLED HOLES 
A paper to be published in the Journal of Nondestructive Evaluation 
Ana L. Lopez-Sanchez1, Hak-Joon Kim2, Lester W. Schmerr Jr.3'4, Alexander Sedov5 
ABSTRACT 
A side-drilled hole (SDH) is a commonly used reference reflector in ultrasonic 
nondestructive evaluation. In this paper, we will develop reciprocity-based measurement 
models along with scattering models that allow us to predict the ultrasonic response from a 
SDH in a pulse-echo immersion setup. Two measurement models will be derived, one 
suitable for large SDHs where variations of the incident fields over the cross section area of 
the SDH are considered, and a second model which neglects those variations. Two scattering 
models are also used along with these measurement models. These include an explicit model 
based on the Kirchhoff approximation, as well as an exact model obtained using the 
separation of variables method. Examples of the model-based received waveforms and peak-
to-peak voltage responses are presented for a number of SDHs of different sizes and 
compared with experimentally determined SDH responses. 
1. INTRODUCTION 
A cylindrical cavity or side-drilled hole (SDH) is widely employed in the practice of 
ultrasonic flaw detection as a reference reflector to set the basic parameters of an inspection 
system. Therefore, it is important to be able to model the response from this type of reflector. 
1 Primary researcher and author 
2 Post-doctoral student 
3 Author for correspondence 
4 Major professor 
5 Visiting professor 
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In many respects this is a particularly difficult modeling problem since most SDHs are 
fabricated so that they extend the full width of a test block and, hence, appear "infinite" in 
length to an interrogating beam of ultrasound. This means that one must accurately model 
the transducer wave field generated by a transducer in a reference experiment and account for 
the incident and scattered wave field variations over the length of the SDH. Most previous 
SDH modeling efforts have used highly simplified models of the transducer wave field 
and/or the scattered waves [1], so that they have not adequately modeled this complexity. A 
significantly more general SDH model was recently developed by Bostrom and Bovik [2], 
They represented the transmitting transducer by an effective area source and modeled the 
incident waves from that source as a summation of cylindrical waves, rigorously treating the 
scattering by the SDH using a T-matrix approach. The reception of the scattered waves by 
the receiving transducer was modeled using reciprocity-relations. Unfortunately, their model 
results in infinite sums and multiple integrals which are computationally expensive to 
perform. To simplify the numerical calculations, the method of stationary phase was 
employed to evaluate the integrals approximately [2], but the resulting expressions required 
that the SDH be in the very far-field of the transducer, a condition that is often not satisfied 
in practice. 
In this paper, we will demonstrate that it is possible to develop, using reciprocity 
principles and the paraxial approximation for the incident transducer wave field, a model of 
the pulse-echo response of a SDH that can be easily evaluated on a personal computer. In this 
SDH measurement model, the SDH is not restricted to being in the far field of the transducer 
since the paraxial approximation loses accuracy only at distances very close to the transducer, 
conditions not normally found in practice. In fact, two SDH measurement models will be 
discussed; one that accounts for the beam variations over both the length and cross-section of 
the SDH, and another model, suitable for small SDHs, that neglects the cross-sectional beam 
variations [3]. Both compressional wave (P-wave) and shear wave (S-wave) SDH responses 
will be modeled. The more general measurement model is based on general reciprocity 
principles and is similar to the model originally developed by Auld [4], The SDH 
measurement model suitable for holes of small cross-section is the 2-D counterpart of the 
Thompson-Gray measurement model [5], which is valid for small 3-D flaws. 
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In developing a measurement model for the SDH, one needs to have a scattering 
model that accounts for the waves generated by the interaction of the incident ultrasonic 
beam with the SDH. Many authors have previously considered the scattering of plane waves 
by cylindrical cavities [6-11]. Most of those studies have used a separation of variables 
approach since the cylindrical geometry is one of the few cases where exact separation of 
variables elastodynamic scattering solutions can be obtained. In this paper, we will 
incorporate two different scattering models for SDHs. One is based on the Kirchhoff 
approximation and the other corresponds to the separation of variables solution. It will be 
shown that the Kirchhoff approximation is very good at predicting the major responses of 
SDHs except for the case of very small cross sections where the non-dimensional wave 
number kb< 1, where k is the wave number for the incident waves and b is the SDH radius. 
This fact will be confirmed by both comparing the Kirchhoff results with the more exact 
separation of variables solution and by comparisons with experiment 
2. MEASUREMENT MODELS 
The problem we will consider consists of a planar transducer radiating at oblique 
incidence through a fluid-solid interface, as shown in Figure 1. The sound beam is scattered 
by a SDH in the solid and the response is received by the same transducer in a pulse-echo 
setup. It is assumed that the plane of incidence of the transducer wave field is perpendicular 
to the axis of the SDH, and all the waves are modeled as harmonic waves with a common 
factor, exp (-itat) that is henceforth omitted. 
To develop a measurement model for this problem, we use the explicit relation 
developed by Schmerr [12], based on mechanical reciprocity principles, to express the 
frequency components of the received voltage, VR (<y), in terms of the velocity and stress 
fields on the surface of the scatterer. In this approach, the fields on the flaw surface are for 
two different problems, labeled "a" and In problem a, we consider that the transducer is 
transmitting toward the sample with the SDH present; while in problem b, the SDH is absent. 
Then we find [12] 
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Figure 1. Problem configuration to predict the response from SDHs at normal and oblique 
where T^m),vjm) are the stresses and velocity fields for problems m= a, 6, respectively, Sj is 
the area of the transducer, 5/ is the surface of the SDH, », are the components of the outward 
normal to the SDH (pointing into the solid), and cp! are the density and wave speed of the 
fluid, Vgm) are the velocities on the face of the transducer, which we consider as a piston 
source. Since we are considering a pulse echo problem the same transducer appears in both 
solutions so we have = v0. The term /3(co) is the system "efficiency" factor, which 
incorporates the effects of the pulser/receiver, cabling and transducer on the measured signal 
[12]. We emphasize that the only assumptions made in obtaining Eq. (1) are that 1) the 
acoustic/elastic media are linear and reciprocal, 2) the electrical and electromechanical 
incidence. 
) ntdS (1) 
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components of the systems during the sound generation and reception processes can be 
represented by linear time-shift-invariant systems, and 3) the transducer acts as a piston. 
Thus, like the very similar reciprocity-based model of Auld [4], this measurement model can 
be applied to very general testing problems, including our SDH problem. 
Now, assume that the incident wave fields can be written as quasi-plane waves over 
the surface of the SDH. In general, this assumption means that the velocity and stress fields 
for the incident beam can be expressed in the form Z)(x,<y)exp(zfce-x) where e is a unit 
vector in the direction of the incident beam and the factor D accounts for the amplitude and 
phase differences in the beam from that of a plane wave. We expect that this quasi-plane 
wave assumption will be valid in many testing cases since most planar and focused 
commercial transducers used in NDE applications generate fairly unidirectional beams. Note 
that this quasi-plane wave assumption is also sometimes called the paraxial approximation. 
Then for problem b, since the SDH is absent the total velocity and stress fields can be 
written in quasi-plane wave form as, 
where d" is the polarization of the incident wave of type a (a = P,S V) in the solid and e" is 
a unit vector in the direction of propagation in the solid for a fixed ray path. The quantity cai 
is the wave speed in the solid due to a wave of type a, and Cp; is the fourth-order tensor of 
elastic constants for the solid, which is assumed here to be homogeneous and isotropic. The 
term Va (x,co) is the velocity amplitude for a wave of type a that accounts for transmission 
and diffraction effects in the transducer beam normalized by the velocity amplitude, v0. 
For problem a, where the flaw is present, the transducer is firing with velocity v0 on 
its face. The incident fields are again given by Eqs. (2) and (3). However, in this case the 
(2) 
exp(;*^e" - x) 
C r/1 
(3) 
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total fields on the scatterer are a combination of both the incident and scattered waves. If we 
normalize these total velocity and stress fields for problem a by a factor v0Va l(-ico), then 
we can define normalized velocity and stress fields (v^zv), respectively where 
(a) _ V0  y g ~ ( a )  V } '  =  
ICO 
(4) 
n (a)  -  
v
°  
ico 
(5) 
These normalized fields can then be viewed as the response from a plane wave 
incident  on the SDH having unit displacement amplitude. Note that neither v{p or f(!Ja) are 
dimensionless. Using Eqs. (2) - (5) in Eq. (1), we can then rewrite the received voltage as, 
V»; 
0(m) 
— HCOPyC jlS pi r Sf COf2 
n[ exp(ika2ea • xjrfS (6) 
Alternatively, this equation can also be expressed as, 
VR{co) =/3{co) 2 PlCa2 J |(y " (x, co))2 A" exp(ika2ea • x)dsdz (7) 
c  L  
where the area of the face of the transducer has been expressed in terms of the transducer's 
radius ST ~ nr2 ; p% and ca2 are the density and wave speed in the solid (a = P,S V), and ka2 is 
the corresponding wave number. The integral over the flaw surface in equation (6) has been 
broken into two integrals in equation (7), a line integral over the circumference (C) and the 
other over the length (L) of the SDH, which is taken here to be along the z-axis (Figure 2). In 
Eq. (7) the effects of the ends of the SDH are neglected. For cases when the length of the 
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(a) 
n 
Figure 2. a) Geometry of the SDH. The coordinate axis is located so that the z-coordinate 
axis coincides with the axial axis of the cylinder, and it is assumed that the plane of incidence 
is perpendicular to the axial axis of the SDH; b) the edge of the lit surface, Cut, is shown as 
the solid line in Figure 2 (b), where n is the normal, pointing out from the SDH surface (into 
the solid). 
SDH is larger than the extent of the incident beam, the integration over L is truncated when 
the beam amplitude is sufficiently small. 
The quantity A" is given by, 
A" = 
A7tp2Cal  
C, 
+ - m 
2 
IV (8) 
It is closely related to the 3-D vector far field scattering amplitude of the SDH, whose 
components for the scattered P-wave (in pulse-echo) are [12] 
K W= 
4 np2c 
% + — 
2  p 2  S f  \ • p  2 
exp( ik p 2 e p  •  x )dS (9a) 
y 
and for an SV-wave are 
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k(<»)=- (a 
2 j2 
c 
r i k n i  + - —efn ; v ;  
's 2 
exp(z&i2es -x)c/5 (9b) 
From Eq. (8) and Eqs (9a), (9b) it then follows that A" is a specific component of the pulse-
echo scattering amplitude, Aa (<y), given by 
A"{o)) = A^{-d")= $Aa exp(ika2ea -x)dS (10) 
sf 
Since we have assumed the plane of incidence is perpendicular to the axis of the SDH 
and the normalized fields in Eq. (10) are those due to a plane wave whose direction is in that 
plane of incidence, it follows that those fields (v^fv) on the cross-section of the SDH are 
independent of the z-axis and so if we neglect any contributions from the ends of the SDH 
we can also write Eq. (10) in the form of a line integral 
Aa(a)) = L^Aa exp(ika2ea •x]dS (11) 
c 
where C is circular edge of the cross-section. Equation (7) is the first form of our 
measurement model for a SDH. It is a general model since it relies primarily on the linearity, 
reciprocity and quasi-plane wave assumptions just discussed. Thus, it is suitable for 
describing the response of both large and small cross-section SDHs. If the SDH radius is 
small enough so that the field variations in the incident beam are negligible over the SDH 
cross-section, which will be taken here to be the (x,y) plane (see Figure 2), then 
V01 {x, y,z,co) = Va(0,0, z,(o) = V"(z, co) and we may write Eq. (7) in the reduced form 
Kdf»)  2 P2Ca2 
ika2r P\C p i  
(12) 
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where we have placed the '3-D' designation on the scattering amplitude component to make it 
explicit that it is computed from a 3-D cylindrical geometry of length L. Equation (12) is our 
measurement model for "small" SDHs. It is very similar in form to the Thompson-Gray 
model for small 3-D flaws and reduces to that model if we also neglect the field variations in 
the ^-direction. The significance of models such as Eq. (12) and the Thompson-Gray model is 
that the incident beam and the SDH response terms are completely separated from each other 
and from the efficiency factor. This allows one to perform parametric studies in a highly 
efficient, modular fashion. As Eq. (12) shows, to obtain the output voltage we need to model 
the 3-D far field scattering amplitude component of the SDH, A"_D (<y). In the next section, 
we will show how with the use of the Kirchhoff approximation we can get a closed form 
analytical solution for A3"D (&>). We can however, also use the exact 2-D separation of 
variables (SOV) in Eq. (12). This is possible, since in a 2-D scattering problem, the same 
component of the 2-D scattering amplitude as we calculated for the 3-D case is just [12] 
K!-dH = 
n1/2  
a2 J Plcal 
tYpdpnY +- "rfop 
"a2 
exp(ika2ea • x)ds(x) (13) 
where all the subscripts in Eq. (13) run over the values (1, 2) only. However, except for a 
factor of L and a different leading coefficient, the 3-D scattering amplitude (Eq. (11)), 
involves exactly the same field components in the integration over the SDH cross-section 
since for  our  problem and the assumptions we have made we have n 3 =d" =e" =v 3 = 0 .  
Thus, we find 
\-D W) -
\ K a 2  J  L 
(14) 
Using this relationship, Eq. (12) becomes 
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VR{(o) = p((o) \{y^{z,(o)Jdz. [<DH -Jïj _j_ I Pi
Ca2 
r V ^<*2ft P\Cp\ 
(15) 
which is now a form into which we can place 2-D scattering results obtained by the method 
To summarize, we now have two models suitable for predicting the pulse echo 
response of a SDH. Equation (7) is the most general model, while Eqs. (12) or (15) give us 
forms suitable only when the incident beam does not vary significantly over the SDH cross 
sectional area. We will use these models to examine where they are valid and by how much 
they differ. To make such comparisons, however, we need to model the scattering aspects of 
the SDH, which we will do in the following sections by the Kirchhoff approximation and the 
method of SOV. 
2.1 The Kirchhoff approximation 
In using the Kirchhoff approximation for the SDH, we will neglect any contributions 
from the ends of the SDH so that we only need consider the fields on the curved cylindrical 
surface. That curved surface is separated into lit (Sm) and shadowed (5/- Sm) portions which 
are defined by the conditions e™ • n < 0 and e" • n > 0, respectively. The velocity and stress 
fields are taken to be identically zero in the shadowed region. On the lit portion it is assumed 
that the incident plane wave scatters as if it were interacting with a stress-free plane surface 
at every point on the curved surface, where the unit normal to the plane surface coincides 
with the normal to the cylinder, n. 
Using the Kirchhoff approximation, the total velocity on Sut due to an incident plane 
wave of unit-displacement amplitude can be expressed as, 
of SOV. 
(16) 
21 
The first term in the right-hand side of the equation corresponds to the incident wave 
velocity, while the second term corresponds to the sum of the velocity due to the reflected 
waves. Here d"(a = P,SV) is the polarization vector of the incident plane wave of type a 
traveling in the e" direction, and d™ (m = P,SV) is the polarization vector of a plane wave 
reflected from the interface in the e™ direction (as determined by Snell's law). The 
coefficient R^'a is the plane wave reflection coefficient at the interface for a reflected wave of 
type m due to an incident wave of type a. 
Because a SDH is a free surface (void) in the solid, the traction vector must vanish so 
that = 0 and the A01 from equation (8) can be reduced to 
It can be shown analytically by using the explicit expression for the elastic constants 
of an isotropic material that the first term reduces to 
The second term in Eq.(17) is quite complex so that it is difficult to simplify it 
analytically. However, it can be shown numerically that the second term also reduces to 
(18) 
(19) 
with an absolute error less than one part in 1015. Therefore, A" is given by 
(20) 
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Note that this is a general result that is applicable to both large and small scatterers and for 3-
D as well as 2-D scattering geometries, not just the SDH. Since Eq.(20) is identical to a 
purely scalar model result [12], we can state: 
The elastodynamic Kirchhoff approximation for the pulse-echo scattering amplitude 
quantity, A", of a stress-free scatterer is identical to the same quantity obtained via a fluid 
(scalar) scattering model. 
The importance of this result is that when using the Kirchhoff approximation it 
simplifies the modeling of many NDE problems and also makes such modeling more 
computationally efficient. If we apply this result to the measurement model given by Eq. (7), 
we find 
V R ( (o)  = P{(o)  1 Pic, 2 al 
ASi 
J J(ya (x,ûj)j (ea • njexp (2ika2ea • x) dsdz 
C,y, L 
(21) 
Since Aa is independent of the z-coordinate, this expression can be also written in the form 
1 Pic a2 
7tr 
| (e® •n)exp[2zla2(eQf -x)f j(y"(x,/y))2rfz ds (22) 
which shows that the incident beam variations over both the SDH cross-section and along its 
length must be calculated for this model. 
Similarly, if we apply Eq. (20) to the measurement model for the small SDH case, 
(see Eq. (12)), we find 
ik 
2 PlCa2 
a2 ' P\Cp\ 
j(y " (x, a)))2 dz - ^  J(e" • n)exp[2ika2 (e" • x)]ck 
L C,„ 
(23) 
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which, when compared with Eq.(12) shows that the 3-D pulse-echo scattering amplitude 
component, A£_D (<y), of the SDH in the Kirchhoff approximation is given by 
A3-dW = ~l~^~ jV "n)exp[2^«2(e" • x)](fo (24) 
C/ir 
The integral in Eq. (24) can be calculated analytically [13], giving 
Kb M = (2*a24) -iS, (2*„2f>)] + (25) 
where Jj and Si are Bessel and Strove functions, respectively. 
It will be shown later that the Kirchhoff approximation does a very good job at 
representing the major parts of the SDH response. This result can be seen by comparing the 
Kirchhoff results with those obtained using the more exact SOV solution, which will be 
discussed in the following section. 
2.2 Separation of variables method (SOV) 
Since the SOV method has been thoroughly described in a number of previous 
references [6-11], we will describe only the major aspects of this method here. Normally, in 
the SOV approach the displacement vector u is represented in terms of scalar and vector 
potentials in the form 
u = V^ + Vx(e/) (26) 
where ez is a unit vector along the axis of the SDH, and the problem is solved directly in 
terms of these potentials. Due to the complexity of the expressions, the cases for incident 
plane compressional and shear waves are usually treated separately. 
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x 
Figure 3. Geometry in 2-D of the SDH, where the plane of incidence is perpendicular to the 
axis of the SDH. 
2.2.1 Incident plane compressional waves 
Since we have assumed that the plane of incidence of the waves incident on the SDH 
lies in the x-y plane (see Figure 3), our problem is a standard 2-D scattering problem where 
all the variables are functions of (x1,x2) = (x,y) only. 
For a plane P-wave with potential amplitude, , incident on the SDH the total 
potentials obtained by superimposing the incident and reflected waves are given by, 
0 = É$>(2-<L Y [jn(kp2r)+ 4,tf?(£P2r)]cos(n0) (27) 
n=0 
p = g & (2 - (28) 
where is the amplitude, ka2  is the correspondent wave number, and Jn  and denote 
Bessel and Hankel functions, respectively. 
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The coefficients An and Bn ; are determined by requiring that the normal and shear 
stresses vanish ( Trr = 0, tr6 = 0 ) at the surface of the SDH (at r = b) which gives 
A = 
2^26 
1 +  
MK' M) - pj2> p" 
ci" ( V) Ci" (*,=6) - MK (&„&) 
(29) 
where 
fl„ = 
2n (™2-M)V2-') 
c!'1 (yK1 (*,26) - (<:„,(.)£>« (t„26) 
(30) 
d'1 (x)=(n2 + n-(k,2bf/2) #<'>(*) - (a:) 
(A-) = (ir+n)//;:;l(.«)-/îxh2, (a-; 
(31) 
These expressions are written explicitly in the forms previously presented by Brind et al. [11] 
for incident compressional waves and agree with those forms except for some typographical 
errors present in [11] which have been corrected here. 
In the far field where kp2r and ks2r are large, the displacements components ur  and 
u0  correspond to the outgoing P- and SV-waves, respectively. By using the asymptotic 
expressions for the Hankel functions for large arguments, and normalizing these 
displacements with respect to the displacement amplitude of the incident wave, u0  = ikp2<j)0, 
we can express the total normalized displacement, nscatt - uscatt /u0, as 
exp (ikp2r) exp [iks2r) 
= A- M "y ' +A-" (32) 
where, for pulse echo (6 = 7t) 
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A 2-D (CO) — Z(2-Wk,26)4,cosM, (33) 
n=0 
/ %. M/' 
V ftks2  j 
AIT (#)= — £ (2 " <U{Kib)Bnsininn) e* = 0 (34) 
n=0 
Then the far field scattering amplitude component (see Eq. (14)), A%_D (CO), appearing in the 
measurement model is given by 
<D(to) = A^(to)-er (35) 
2.2.2 Incident plane shear vertical waves 
For an incident plane vertical-shear (SV) wave with potential amplitude, y/0, the total 
potentials obtained by superimposing both the incident and reflected potentials are 
</> = ÎX(2 - KV A H n \kp2rV™{nd) (36) 
n=0 
^ (2 - S0n  )/" [jn  {ks2r)+ BnHf{ks2r%os{nd) (37) 
n~ 0 
Again, the coefficients An  and Bn  _ are determined by requiring that the tractions 
vanish at the surface of the SDH and the far field scattering displacement vector normalized 
by the incident displacement, u0 = -ikS2y/(j, is given by 
u 
s v - p  
L2 -D (4 exp (ikp 2 r )  + A s v - s v  2-D M exp(;t„r) V7 (38) 
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where, for pulse-echo ( 6 - n )  
M = 2z Z(2™<$0.)(V)A»Sin(,OT) er =0 <39) 
n=0 
A^"M 
' 2," 
V ftks2 j 
cos(wr)e. 
n=0 
(40) 
and 
A, = 2 n 
xks2b 
n 2 - ( k , 2 bf l  2 - 1  
C™ {k r 2 b)  Ci" ( k l 2 b)  -  Di" ( k p l b)  D« (*,2i) 
(41) 
S
" 
= 2*,26 
1 + 
Cf (&,:&) Ci" M) ~ Pf ' M Pi" (*,2*)' 
Ci" (*„<>) Ci" (t„26) - fli" (t„6) Di" (t,2i) 
(42) 
The terms (x) and (x) again are the same to those presented in Eq. (31) and the 
far field scattering amplitude component in the measurement model, A2VD (co), is given by 
^(w) = A^M'C6 (43) 
3. NUMERICAL RESULTS 
3.1 Scattering amplitude comparison 
The non-dimensional 3-D scattering amplitude component, A^_D(co)/L , was 
obtained using both the Kirchhoff approximation and the SOV method. In the Kirchhoff 
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approximation, this scattering amplitude component was computed directly from Eq. (25). In 
the SOV case, the 2-D component was calculated from the SOV series solution and then Eq. 
(14) was used to determine the corresponding 3-D component. This 3-D scattering amplitude 
was evaluated as a function of the non dimensional wave number, ka2b, where ka2 is the 
wave number in the solid and b is the radius of the SDH. 
For incident P-waves, both magnitude and phase of the 3-D scattering amplitudes are 
shown in Figure 4. Both the Kirchhoff approximation and the SOV solution follow the same 
general increasing magnitude with frequency but with a different oscillatory behavior. This is 
to be expected since the stronger oscillations of the SOV solution come from the interference 
between the leading edge response of the SDH and creeping waves which propagate around 
the surface of the SDH, and in the Kirchhoff approximation, these creeping waves are absent. 
Also, because the Kirchhoff approximation is a high frequency approximation it is inaccurate 
when the size of the scatterer is smaller than the wavelength. This can be seen clearly in the 
phase plot and also appears in the magnitude plot if the behavior for kP2b <1 is examined on 
a finer scale than shown in Figure 4. 
For incident SV-waves, both magnitude and phase of the 3-D scattering amplitudes 
are shown in Figure 5. In this case the SOV solution shows a much stronger oscillatory 
behavior, indicating the presence of a much larger creeping wave response than for the P-
wave case. Again, at small wave numbers the Kirchhoff approximation is inaccurate. 
3.2 Measurement model results 
In order to study the voltage response from a SDH, we used the same set-up 
parameters considered in a recent modeling benchmark study jointly conducted by various 
authors [3, 14-18] (see Figure 6), except for the transducer size. Here, a 5 MHz, 6.35 mm 
diameter planar piston transducer radiating into water and through a planar water-aluminum 
interface was considered. 
The transducer was positioned so that the water path along a central ray path from the 
transducer was 50.8 mm. The vertical distance from the interface to the center of the SDH 
was specified to be 25.4 mm as shown in Figure 6. 
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Figure 4. (a) Magnitude and (b) phase of the normalized scattering amplitude component, 
Ap / L, versus the non-dimensional wave number kP2bfor incident P-waves. The solid line 
corresponds to the Kirchhoff approximation and the dashed line to the SOV solution. 
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Figure 5. (a) Magnitude and (b) phase of the normalized scattering amplitude component, 
Asv IL versus the non-dimensional wave number kS2bfor incident SV-waves. The solid line 
corresponds to the Kirchhoff approximation and the dashed line to the SOV solution. 
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50.8 mm 
Figure 6. Pulse-echo measurement set-up considered in the numerical and experimental 
studies. 
For modeling purposes the efficiency factor,/?(&>), was obtained from the response 
of a separate reference experiment, following the same procedures as described by Schmerr 
[18]. The normalized velocity amplitude of the incident beam, V (x,<y), was calculated using 
a multi-Gaussian beam model [19], which is based on the paraxial approximation. The 
frequency spectrum of the output voltage, VR (<y), was then calculated using one of the 
measurement models previously discussed, and a fast Fourier transform (FFT) used to 
compute a voltage versus time response. The peak-to-peak values of this time-domain signal 
were then calculated. 
In order to study the effect of the size of the SDH on such a peak-to-peak response, 
the predictions of the two measurement models discussed previously (see Eq. (7) and Eq. 
(12)) were compared, using the Kirchhoff approximation, to calculate the SDH in both cases. 
The results are shown in Figure 7 for the case where the transducer is at normal incidence to 
the interface and the measured P-wave response was calculated. 
As seen in Figure 7, both results agree very well up to a SDH diameter of 4 mm. For 
SDH diameters larger than 4 mm diameter the effects of beam variations can be seen but 
even at 8 mm the effects of those beam variations is not very large. 
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Figure 7. Peak-to-peak P-wave voltage response versus flaw size (diameter) for the 
transducer at normal incidence to the interface. Solid line - measurement model neglecting 
beam variations over the cross-section; dashed line - measurement model including beam 
variations. 
In the benchmark study, SDHs ranging from 0.125 mm to only 4 mm diameter were 
considered. The results of Figure 7 show that for such cases the measurement model that 
neglects beam variations should be adequate so that in all the results that will be discussed 
subsequently beam variations over the SDH cross section will be neglected and Eq. (12) will 
be used to obtain the SDH response. 
Figures 8 (a), (b) show the peak-to-peak voltage response versus SDH diameter for P-
and SV- waves having different refracted angles 0 (Figure 6). Both the Kirchhoff 
approximation and the SOV solution were used to calculate the scattering of the SDH. For 
the case of the refracted P-waves, both models agree very well except for the very smallest 
SDH sizes. This is to be expected from our previous discussion of the comparison of the far 
field scattering amplitudes. For the refracted SV-waves the SOV and Kirchhoff solutions 
show some greater differences, with the SOV response generally smaller than that of the 
Kirchhoff approximation. 
We should note that, as mentioned previously, the incident velocity amplitude was 
calculated here with a multi-Gaussian beam model. That beam model relies on the paraxial 
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Figure 8. Peak-to-peak voltage versus flaw size (diameter) for the refracted angles indicated. 
Case (a) refracted P-waves, (b) refracted SV-waves. The solid line corresponds to the 
Kirchhoff approximation and the dashed line to the separation of variables solution. 
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approximation so that it may lose accuracy near a critical angle in oblique incidence testing 
where the transmission coefficient varies rapidly. As shown in Figure 9(a), for refracted P-
waves the transmission coefficient does have a large slope for a refracted angle of 75° while 
Figure 9(b) shows that for SV-waves at the transmission coefficient is changing rapidly at the 
refracted angles of 30° and 75°. Thus, for those cases the voltage responses shown in Figure 
(8) may contain errors and they need to be numerically validated against a more exact beam 
model. 
The reason why the peak-to-peak responses predicted by the Kirchhoff approximation 
generally agree well with those using the SOV solution can be seen by comparing the 
complete time domain waveforms predicted with these two scattering models. In Figure 10, 
we show model-based time domain responses for a 1 mm diameter SDH for P-waves at 
normal incidence to the interface and for refracted SV-waves at 60°. In both cases a creeping 
wave can be seen in the SOV solution while it is absent in the Kirchhoff approximation. 
However, this creeping wave is smaller than the early time (leading edge) response of the 
SDH and the Kirchhoff approximation does remarkably well at representing the detailed 
features of this leading edge signal. Thus, it is not surprising that the Kichhoff approximation 
can predict the peak-to-peak values of the waveform well. 
These model-based predicted signals were also compared with experimentally 
measured signals at oblique incidence. The configuration used in the experiments was again 
the same as that used in the benchmark problems [3, 14-18] and shown in Figure 6. A 5 MHz, 
6.35 mm diameter planar transducer (Panametrics V310) was used. In this case the efficiency 
factor was obtained experimentally by measuring the response from the water-aluminum 
interface at normal incidence as a reference signal and then calculating /?(&>) by 
deconvolution, as done in the benchmark studies using purely model-based results [3], 
Figure 11 shows the measured P-wave time domain response from a 1 mm SDH at 
refracted P-wave angles of 30° and 45° and compares those measured responses to model-
based results based on the Kirchhoff approximation and SOV solution. In both cases it can be 
seen that the Kirchhoff approximation again accurately models the major characteristics of 
the signal and there is little difference between the SOV and Kirchhoff solutions except near 
the creeping wave portion of the response, which is rather weak in this case. 
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Figure 9. Transmission coefficient versus incident angle at a water-aluminum interface for 
(a) refracted P-waves and (b) refracted SV-waves. The four angles labeled on the curves 
indicate the refracted angles considered in the numerical studies. 
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Figure 10. Model-based time domain response from a 1 mm diameter SDH (a) for refracted 
P-waves at normal incidence, and (b) for refracted SV-waves at a refracted angle of 60°. The 
solid line corresponds to the Kirchhoff approximation and the dashed line to the separation of 
variables solution. 
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Figure 11. Comparison of theoretical and experimental P-wave responses from a 1 mm 
diameter SDH (a) at a refracted angle of 30°, and (b) for a refracted angle of 45°. Solid line 
corresponds to the separation of variables solution, dotted line to the Kirchhoff 
approximation and the dashed line to the experimental signal. 
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We mentioned previously that one of the advantages of the measurement model for 
small SDHs (Eq. (12)) is that it is in a modular form that separates the flaw scattering 
properties from the other aspects of the measurement process. This property allows one to 
determine the far field amplitude component, A"(<y), of a given scatterer experimentally by 
deconvolution. To see this, in Eq. (12) let 
E(cd) = P((O) \iy"(z,co)f dz. 2 Pic, 2lc?2 
ikair  P\cp\ 
(44) 
this is a factor that can be completely determined by modeling the incident beam wave field 
and measuring the efficiency factor. It then follows, from Eq. (12) that we have 
VR(a>) = E(co)A°(w) (45) 
If the frequency components,VR (a)), of a scatterer are measured and £"(&>) is known, then 
Eq.(45) shows that A" (co) can be obtained by a simple division (deconvolution) process. 
This deconvolution process, however, is sensitive to noise, so that a Wiener filter is often 
used to reduce that sensitivity. With such a filter, we find [12] 
Aa(co) = VR(co) |E(ffl)| + £ 
(46) 
where E* denotes the complex conjugate of E and £ is a small constant chosen to represent 
the noise level. 
We obtained A" [co) in this fashion from the measured P-wave response (at normal 
incidence to the interface) for both a 1 mm and 4 mm diameter SDH. In Figure 12, the 
deconvolved scattering amplitude was plotted along with the theoretical scattering 
amplitudes obtained from the Kirchhoff approximation and the separation of variables 
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Figure 12. Theoretical and experimental P-wave scattering amplitudes at normal incidence 
(a) for a 1 mm diameter SDH, and (b) for a 4 mm diameter SDH. Solid line corresponds to 
the Kirchhoff approximation, the dashed line to the separation of variables solution and the 
dotted line to the deconvolved scattering amplitude. 
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method. In both cases, the deconvolved scattering amplitude result agrees well with the 
theoretical scattering amplitudes over the bandwidth of the measurement system. For the 1 
mm diameter SDH the measured scattering amplitude shows the oscillations present in the 
SOV solution while for the 4 mm hole those oscillations were absent in both the theoretical 
and experimental results. In both cases, the Kirchhoff approximation agrees well with the 
major aspects of the measured response. 
4. SUMMARY 
Two SDH measurement models were derived; one suitable for modeling the pulse-
echo response of large and small SDHs and the other suitable only for "small" SDHs where 
the beam variations over the SDH cross-section can be ignored. Similarly, two SDH 
scattering amplitude models were described; one is based on the Kirchhoff approximation 
and the other on a separation of variables (SOV) solution. The scattering amplitude obtained 
using the SOV method showed that the diffraction effects in the shadowed part of the SDH 
take the form of creeping waves that propagate around the surface and continually shed 
energy into the medium. The Kirchhoff approximation neglects this effect but it is capable of 
modeling the early time (leading edge) response of the SDH quite accurately except for very 
small SDHs where the more exact SOV solution is needed. Although some differences were 
found when comparing the two SDH measurement models on the simulated responses of 
SDHs with diameters greater than 4 mm, those differences were not large and the "small" 
SDH measurement model gave good results in many of the cases considered. All of these 
models can easily be evaluated on a standard personal computer. The results shown here 
were obtained using a 2.8 GHz Pentium 4 processor with 1 GB of memory and were coded in 
MATLAB 6.5. In this environment a 512 point time-domain waveform response of a SDH 
could typically be calculated, using the Kirchhoff approximation, in 153 seconds for cases 
where the beam variations over the SDH cross-section were accounted for and in 2.92 
seconds when those beam variations were neglected. The same waveform calculation took 
2.97 seconds with the SOV method, again ignoring beam variations. Thus, the models 
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presented give efficient models that can be used to simulate SDH pulse-echo responses in 
most practical situations. 
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CHAPTER 3. MODELING THE RESPONSE OF ULTRASONIC 
REFERENCE REFLECTORS 
A paper submitted to the Research in Nondestructive Evaluation 
Ana L. Lopez-Sanchez1, Hak-Joon Kim2, Lester W. Schmerr Jr.3'4, Tim A. Gray5 
ABSTRACT. 
Reference reflectors such as flat-bottom holes (FBH), side-drilled holes (SDH) and 
spherical voids (SPH), are commonly used in ultrasonic nondestructive evaluation for 
calibration purposes. Here the measurement models currently available to simulate the A-
scan response from those types of reference reflectors are examined. Measurement models 
suitable for both large and small size reflectors are described and used to study the effect of 
beam variations over the surface of the reflector. The adequacy of the Kirchhoff 
approximation for predicting the waves scattered by these reference reflectors is also studied 
by comparing the results of that approximation to those obtained from more exact scattering 
solutions. The waveforms predicted by these various models are compared with 
experimentally determined responses in a pulse-echo immersion setup, and the accuracy of 
the models is discussed. 
1. INTRODUCTION 
Reference reflectors such as side-drilled holes, flat-bottom holes, and spherical pores 
are important elements in ultrasonic nondestructive evaluation (NDE). They often serve as 
calibration standards and are commonly used to define and measure system performance. 
1 Primary researcher and author 
2 Post-doctoral student 
3 Author for correspondence 
4 Major professor 
5 Adjoin assistant professor 
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Models also play a key role in ultrasonic nondestructive evaluation by allowing simulations 
of experimental results without the time and cost of constructing specimens and performing 
measurements. Models also permit one to directly simulate how the measured signals are 
influenced by the different components in the ultrasonic system. All models rely on a set of 
assumptions or approximations so if they are to be used reliably it is important to 
characterize the limits of those assumptions and approximations. In this paper we will 
examine models that can predict the responses of standard ultrasonic reference reflectors and 
define the ranges of applicability of those models. 
Extensive research over the last twenty five years has led to the development of 
ultrasonic models that allow one to simulate the actual signals measured in an ultrasonic test. 
Such models are called ultrasonic measurement models. Currently, there are three types of 
measurement models available: a reciprocity-based model [1,2] for general scatterers, a more 
modular model suitable for predicting the response of small 3-D scatterers [3], and a similar 
modular model suitable for small-cross section cylindrical (2-D) scatterers [4]. Those models 
will be used here to predict the ultrasonic responses of the three most commonly used 
ultrasonic reference reflectors - flat-bottom holes (FBH), side-drilled holes (SDH) and 
spherical voids (SPH). The adequacy of these measurement models for both large and small 
reflectors will be discussed. 
An ultrasonic measurement model has three components: 1) a system efficiency 
factor, (3((d) , that characterizes the response (as a function of the frequency co) of all the 
electrical and electromechanical components in the ultrasonic system (pulser/receiver, 
cabling, transducers), 2) a beam model that predicts the acoustic/elastic waves generated by 
the system, and 3) a flaw scattering model that predicts the waves generated by the flaw. The 
system efficiency factor can be directly obtained in a calibration experiment so that in our 
studies we will assume that ft (to) is known. However the accuracy of the predicted response 
will also crucially depend on the adequacy of the beam and flaw scattering models employed. 
Many authors have previously studied the scattering of the types of reference 
reflectors considered here. The different approaches that have been used include the 
Kirchhoff approximation for the FBH [2, 5,6], SPH [2] and SDH [7]; the method of optimal 
truncation [8] for the FBH and SPH; and the separation of variables method for the SPH [9, 
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10] and SDH [11-16]. The Kirchhoff approximation is a particularly attractive choice since 
this approximation avoids the necessity of solving a detailed boundary value problem for the 
scattered waves and in some cases leads to analytical results. But the Kirchhoff 
approximation is a high frequency single scattering approximation that ignores some aspects 
of the scattering process. Thus we will discuss the adequacy of using the Kirchhoff 
approximation for these reference reflectors by comparing the Kirchhoff-based responses 
with those obtained by more exact scattering models. 
Various ultrasonic beam models are also available to use in a measurement model for 
the reference reflectors considered here. These include Green's function (point source) 
models [17, 18], angular plane wave spectrum models [19], finite element and boundary 
element models [20, 21], and others [22]. In this paper we will only use a multi-Gaussian 
beam model [23] to predict the response of the reference reflectors since this model has been 
shown previously to work well in many testing situations. The multi-Gaussian beam model 
simulates the wave field of a piston transducer with the superposition of only 10-15 Gaussian 
beams so the model is computationally very efficient. The model does rely on the paraxial 
approximation, however, so that there are certain testing situations where it may lose 
accuracy. One of these cases is in the inspection through an interface near a critical angle. In 
discussing the response of a SDH under such critical angle conditions, we will show that it is 
possible to make a simple correction to the multi-Gaussian beam model that will give 
predicted results that agree well with experiments. 
FBH, SDH and SPH reflectors have also been used recently in a series of benchmark 
problems organized by the World Federation in Nondestructive Evaluation Centers as a way 
to test the models of various researchers [24-33]. Experimentally determined FBH, SDH, and 
SPH responses were obtained and made available on the web. Some of those experimental 
responses will be compared with our model-based predictions. 
2. MEASUREMENT MODELS 
Figure 1 shows the problem configuration considered in the 2004 ultrasonic 
benchmark study, where a transducer is radiating at oblique incidence through a fluid-solid 
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Figure 1. General problem configuration to predict the response from a reference reflector. 
planar interface in a pulse-echo setup, and the reflector is a FBH, a SDH or SPH. The 
response of the SDH was considered for radiation at normal and oblique incidence through a 
fluid-solid interface but the FBH and SPH responses were obtained only for the transducer at 
normal incidence to the interface and in the FBH case with the FBH also normal to the 
incident beam. We will use these same configurations as the basis of our examination of the 
ultrasonic response of these reference reflectors. 
2.1 A general measurement model 
A very general measurement model suitable for considering these reference reflectors 
(and many other inspection configurations) was developed by Auld [1] based on 
electromechanical reciprocity principles. Using purely mechanical reciprocity relations, 
Schmerr [2] obtained a measurement model very similar to that presented by Auld that 
relates the frequency components of the received voltage, VR (<y), to the velocity and stress 
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fields on the surface of the scatterer. For pulse-echo setups of type shown in Figure 1 this 
measurement model becomes 
v
'
( < a ) = J k " " 5 "  - k < «  ( D  
^P \ C p l V O ^ T  S ,  
where /?(&>) is the system efficiency factor, S t is the area of the transducer, Sf is the flaw 
surface whose outward normal has components v0 is the average velocity generated on 
the face of the transducer, p, and cpi are the density and wave speed of the fluid, and vf"1  
are the stress and velocity fields present on the scatterer surface, and Tp and are the 
corresponding fields when the scatterer is absent. 
This measurement model is a very general result. In obtaining the model it was only 
assumed that 1) the elastic and acoustic media involved in the inspection are linear and 
reciprocal, 2) the transducer acts as a piston radiator, and 3) all the electrical and 
electromechanical components can be represented by linear time-shift invariant systems. 
Although here we will only apply Eq. (1) to pulse-echo problems, it also can be used for 
pitch-catch configurations as well. 
The model in Eq. (1) can be further simplified if we assume that the incident waves 
are quasi-plane waves in the vicinity of the flaw. This assumption means that the velocity 
components of the incident wave can be expressed in the form: 
vM n - v0Va(x,co)d(* exp(ika2ea -x) (2) J  
where m=a, b. Note that in case (b) when the flaw is absent, the total velocity is the incident 
velocity given by Eq. (2) while in case (a) the total velocity is a combination of both incident 
and scattered waves, so Eq.(2) is only valid for the velocity of the incident waves. The term 
V"(x ,o ) )  is the velocity amplitude for a wave of type a(a-  P, SV) in the solid normalized 
by the velocity amplitude v0 on the face of the transducer, d" is the polarization for an 
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incident wave of type a, ea is a unit vector in the direction of propagation in the solid for a 
fixed ray path, and ka2 - CO / ca2 is the corresponding wave number for a wave of type a in 
the solid . With this assumption the general measurement model of Eq. (1) can be written as, 
Vr(®) = P(0)\  2 Pl Ca2 |(y" (x, co)f A" exp(tlû,2eCf • x)dS (3) 
where r is the transducer's radius, P2 and ca2  are the density and wave speed in the solid (a 
= P, SV), and the quantity A" is given by, 
1 
Ca 2 
(4) 
where Ttj and v;. are the normalized velocity and stress fields when the flaw is present due to 
an incident wave of unit displacement amplitude. It can be shown that the quantity A" is 
related to a specific component of the 3-D vector pulse-echo far-field scattering amplitude, 
A", of the flaw given by 
A» H = <(-<)= (5) 
Sf 
But note that A£d does not appear explicitly in Eq. (3) because of the term fy") that 
represents beam variations over the surface of the reflector. 
2.2 The Thompson-Gray Measurement Model 
Although the measurement model described by Eq. (3) is somewhat less general than 
the measurement model of Eq. (1), it is still suitable for predicting the response of both large 
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Figure 2. Reference reflectors considered. 
and small size reflectors. This model can be further simplified if in addition to the quasi-
plane wave assumption it is assumed that the flaw is a small 3-D reflector where the 
amplitudes of the incident wave fields do not vary significantly over the surface of the flaw. 
In this case the normalized velocity amplitude can be written in the form, 
where the origin x0 = (0,0,0) is a fixed point that is usually taken at the center of the 
reflector (see Figure 2). Under this assumption the normalized velocity amplitude can be 
removed from the surface integral in Eq. (3). The remaining integral then corresponds to the 
flaw scattering amplitude given in Eq. (5) and the measurement model reduces to 
The model presented in Eq. (7) is known as the Thompson-Gray measurement model 
[3]. The significant advantage of this model is that it separates the incident fields and the 
flaw response into individual terms. This modularity allows one to analyze each component 
V" (x, y, z, w) = 7" (0,0,0, w) = (w) (6) 
(7) 
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independently and to perform quantitative parametric studies. This model will be used to 
predict the response from both FBHs and SPHs. 
2.3 The Schmerr-Sedov Measurement Model 
Since the Thompson-Gray measurement model assumes a small 3-D reflector, it is 
not suitable to predict the response for long cylindrical scatterers such as a SDH where the 
incident wave fields can vary significantly along the length of the cylindrical cavity. 
However it is relatively easy to develop an ultrasonic measurement model that does take 
these variations into account. To see this, assume we have a small cross-sectional area 
cylindrical flaw, where variations of the incident wave fields can be neglected over the cross 
section of the flaw (but not over its length) and the direction of the incident and scattered 
waves lie in the plane of this cross section, taken here to be in the x-y plane (Figure 2(c)). 
Then the normalized velocity amplitude can be expressed in the form, 
Equation (8) indicates that the normalized velocity depends spatially only on the 
coordinate along the axis of the cylinder. If we also assume that the normalized velocity and 
stress fields on the cross-section of the cylindrical scatterer in Eq. (4) are independent of the 
z-axis, the measurement model of Eq. (3) reduces to the model of Schmerr and Sedov [4] 
given by 
y " (x, y, z, w) = y" (0,0, z, w) = ( z, 6)) (8) 
(9) 
where L is the length of the cylindrical scatterer and 
A"D - L^ A" exp (ikA2EA -x)ds 
c 
(10) 
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is again the pulse-echo far-field scattering amplitude of the flaw. The integration in Eq. (10) 
is a line integral over the circular edge of the SDH. For a SDH whose length exceeds the 
width of the incident beam, as is often the case for SDH samples where the hole extends 
across the entire sample, the limits of integration in z in Eq. (9) are taken to be the points 
where the normalized velocity amplitude is negligible. 
The Schmerr-Sedov measurement model presented in Eq. (9) is very similar to the 
Thompson-Gray measurement model except that now the variations of the incident waves 
along the length of the cylinder are included. 
2.4 Flaw scattering models for use with "small flaw" measurement models 
Both the Thompson-Gray and Schmerr-Sedov measurement models assume the flaw 
is small enough so that we can neglect beam variations over the flaw surface, but what do we 
mean by small? To answer this question we can conduct a model-based study that both 
includes and neglects the beam variations. To perform this study, for the Thompson-Gray 
and Schmerr-Sedov models we need to have the 3D scattering amplitudes of a FBH, SDH, 
and SPH. In the Kirchhoff approximation the reflector surface (see Figure 2) is separated into 
a "lit" region where the incident wave can directly strike the surface (e" -n<0) and a 
"shadow" region (e° - n > 0). The velocity and stress fields are assumed to be identically zero 
in the shadow region. In the lit region it is assumed that the total fields are the sum of the 
incident and scattered waves as if they were generated by an incident plane wave interacting 
with a stress-free plane surface at every point on the curved surface, where the unit normal, 
n, to the fictitious plane surface coincides with the normal of the curved surface at each 
point. Using Kirchhoff approximation one can obtain analytical solutions for the far-field 
scattering amplitude component required (Eq. (5)) for the various types of reflectors 
considered in the benchmark study. For example, using the Kirchhoff approximation for a 
FBH of radius b, the pulse-echo scattering amplitude at normal incidence is simply given by 
[2], 
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Ao(®)=-y- ( i l )  
For a SPH of radius b, the pulse-echo scattering amplitude using the Kirchhoff 
approximation is [2], 
and for a SDH of radius b and length L, in the Kirchhoff approximation one finds for the 
pulse-echo scattering amplitude [7], 
where Jx and Sl are Bessel and Struve functions, respectively. 
When using either the Thompson-Gray measurement model or the Schmerr-Sedov 
measurement model, any analytical or numerical method that can calculate the far-field 
scattering amplitude component of the scatterer being considered can be used in those 
measurement models (see Eq. (5) and Eq. (10)). For the SPH, an exact separation of variables 
(SOV) solution for this scattering amplitude component can be obtained [9, 10]. For the 
SDH, it is also possible to obtain an exact separation of variables solution for the 2-D 
scattering amplitude component, A%D (co), for that reflector [11-16]. However, these 2-D and 
3-D scattering amplitude components are related by [2] 
4dM = -^exp(~ikaJ>) exp{-iK2b)-*m[ka^ (12) 
(13) 
(14) 
so that we also can use the SDH SOV solution in the Schmerr-Sedov measurement model. A 
SOV solution is not available for the FBH, but the normal incident scattering amplitude 
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Figure 3. Treatment given to reference reflectors of large size. 
component has been calculated numerically by the Method of Optimum Truncation (MOOT) 
[8] so that solution can be used as an "exact" FBH scattering solution. 
2.5 Flaw scattering models for use in "large flaw" measurement models 
One cannot use the SOV or MOOT solutions when applying the measurement model 
of Eq. (3) for large flaws since that equation requires that one solve the scattering problem 
for the case when the incident waves can vary significantly over the surface of the reflector. 
However, we can use the Kirchhoff approximation with Eq. (3) to study the effects of beam 
variations. Under the Kirchhoff approximation the quantity AA on the lit surface of any 
stress-free reflector can be reduced to [7] 
an expression which is identical to a purely scalar (fluid) model result [2]. It is this 
expression that in fact leads one to Eqs. (11) - (13) for the scattering amplitude components. 
The importance of this result is that it can be applied to both large and small scatterers, and 
for 3-D as well as 2-D scattering geometries. For example, for the SDH case the quantity 
ik, (15) 
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A" is independent of the z-coordinate along the cylinder so that the general measurement 
model of Eq. (3) can be written as, 
1 Pic, 2  a2  
m ACp. 
J (ea -n)cxTp[2ika2(ea -x)j j(y"(x,<y))2dz ds (16) 
where the integral over Clit is a line integral along the lit portion of the cross-section (Figure 
3(b)), and the normalized velocity amplitude is now integrated over the whole surface to 
account for beam variations over the SDH cross-section as well as length. The integrals in 
Eq. (16) are calculated by representing the lit surface portion of the cross-section and the 
SDH length as a series of plane rectangular elements and assuming the integrand terms in Eq. 
(16) are constant on each element. The total response is then obtained by a summation over 
all the elements. 
In the case of the SPH, the reflector geometry was represented by using a 
Hierarchical Triangular Mesh (HTM) scheme [34]. In this method the spherical surface is 
approximated by a large number of planar triangular elements (see Figure 3(c)). By using Eq. 
(3) and applying the Kirchhoff approximation (Eq. (15)), the total response is obtained by 
simply summing the individual responses from each element. The general measurement 
model of Eq. (3) then reduces to, 
1 P2Ca2 2[ya(x^,<y)]2(ea •n") jexp^e" -x)dS (17) 
m=l as_ 
where M is the number of elements, y"(x™,<y) is the incident velocity amplitude at the 
centroid location, x" , of the m-th element whose normal is nmand whose area is ASm .  To 
simplify the calculations the integration over each element area in Eq. (17) can be performed 
analytically [34]. A total of 8192 triangular elements were used to represent the spherical 
voids considered here. This number was chosen based on our experience with a number of 
numerical studies that will not be discussed here. 
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In studying the FBH response, we will only consider the pulse-echo FBH response 
where the incident waves are at normal incidence to the flat end of the FBH. In that case Eq. 
(15)reduces to 
lb 
Aa = lIa2_ 
2 n 
(18) 
and Eq. (3) becomes 
2 PlCal 
P\c l^pl 
ik. a 2 
2 Jt 
(19) 
However, we can use the fact that when the FBH is located on the central axis of the 
transducer the velocity field Va  (x ,co)  = Va  (r,a>), where r is the radial distance from the 
center of the flat end of the FBH, and we can break up the flat end into a series of concentric 
rings. We let the inner radius of the ra-th inner ring be at r = rm_, and the outer radius at 
r = rm and assume that on that ring the velocity field is the value at the mean radius of the 
ring, i.e V" (x,co) - V01 (rm,co) where Tm =(rm_l + rm)l2. Then for a FBH of radius b and M 
rings Eq. (19) becomes 
M 
m-1 
2 PlCa2 (20) 
with r0=0,rm-mblM (l<m <M). Note that we could also get this same result by using 
the Thompson-Gray measurement model separately for each ring (where each ring acts as a 
scatterer small enough so that beam variations can be neglected) with the scattering 
amplitude component of the m-th ring given by 
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^ (21) 
and then simply sum over all the rings to obtain the total response. 
3. MODEL COMPARISONS AND EXPERIMENTS FOR REFLECTORS AT 
NORMAL INCIDENCE 
In this section we will conduct two model comparison studies. We will first examine 
the differences in the peak-to-peak time domain voltage response predicted by the large and 
small flaw measurement models. In the second study we will use the small flaw measurement 
models of Thompson-Gray and Schmerr-Sedov to determine the differences in peak-to-peak 
responses when using either the Kirchhoff approximation or more exact scattering models. 
We will also describe some model/experimental comparisons using measured responses from 
the 2004 benchmark problems [33]. For all the studies, a 5 MHz, 12.7 mm diameter planar 
piston transducer is considered that is at normal incidence to both the fluid solid interface and 
the reflector surface with a water path length of 50.8 mm and the reflector is located on the 
central axis of the transducer. Efficiency factor used in these model comparisons was 
obtained using the reference waveform given in the 2001 benchmark study [25]. 
In these studies, the reference reflectors were assumed to be inside an aluminum 
block at a depth of 25.4 mm from the center of the reflector to the block front surface. The 
aluminum block had a density of 2.71 g/cm3, compressional wave velocity of 6374 m/s and 
shear wave velocity of 3111 m/s. 
3.1 Effect of beam variation 
For the FBH, SDH, and SPH, peak-to peak time domain responses were obtained by 
Fourier transforming the VR (<y) obtained from the measurement models that neglect beam 
variations (Eq. (7) and Eq. (9)). These results were compared with similar time-domain peak-
to-peak responses predicted by the models that include those variations (Eqs. (16), (17) and 
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Figure 4. Effect of beam variations for FBH of different sizes. Comparison of the peak-to-
peak voltage response for refracted P-waves at normal incidence. Dashed line: beam 
variations included, solid line: beam variations neglected. 
(20)). In all cases, the Kirchhoff approximation was used to compute the scattering and a 
multi-Gaussian beam model used to compute the fields incident on the reflector. 
Figure 4 shows a plot of the peak-to-peak voltage response versus FBH size, using 
the measurement models of Equations (7) and (20) for P-waves. From that plot it can be seen 
there are significant differences between the two models for FBH sizes larger than 2 mm in 
diameter. At the largest size (4 mm diameter FBH) shown in Figure 4 there was a difference 
of 2.9 dB between the measurement models. In contrast, for SDHs and SPHs almost no 
difference was observed for reflectors up to 12 mm in diameter, where a difference of at most 
0.3 dB was found in both cases. The differences found for the FBH are not a surprise as the 
FBH is a very specular reflector and therefore is much more sensitive to beam variations. We 
can conclude, therefore, that in simulating the responses of a SPH or SDH, the measurement 
models of Thompson-Gray and Schmerr-Sedov should be adequate to model the response of 
both large and small reflectors of these types. However, for approximately #5 diameter flat-
bottom holes or larger for the case considered here, the beam variations are not negligible 
and a model that takes into account beam variations is required 
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3.2 Adequacy of the Kirchhoff approximation for the scattering model 
The Kirchhoff approximation used in the beam variation study is a high frequency 
approximation which assumes ka2b » 1. Thus, as the size of the reflector decreases, even 
though the beam variations may be negligible the Kirchhoff approximation can be expected 
lose accuracy. In this section we wish to define those limits more precisely. In the beam 
variation case as well as for this study the center frequency of the transducer used was 5 
MHz and normal incidence P-waves responses were examined so that we can examine the 
adequacy of the Kirchhoff approximation by comparing it to more exact scattering theories 
as a function of the non-dimensional wave number, kp2b, where the wave number is 
calculated at the transducer center frequency. The more exact scattering theories used for 
both the SPH and SDH were SOV theories [9-10, 11-16], respectively, while for the FBH we 
used a numerical solution based on MOOT [8] to compare to the Kirchhoff approximation. 
The measurement models used in these studies were the Thompson-Gray and Schmerr-Sedov 
"small flaw" models. As in the beam variation study, we calculated peak-to-peak reflector 
responses to compare the use of these different scattering models. 
For the SPH over a range 1 < kp 2b < 9.5 it was found that there was less than 0.48 dB 
difference between the responses calculated with the Kirchhoff approximation scattering 
model and those obtained using the SOV solution. For the SDH over a range 1 < kp2b < 9.8 
the differences were less than 0.24 dB. For the FBH over the range 1 < kp 2b < 4.9 the 
differences between MOOT and the Kirchhoff approximation were less than 0.8 dB except 
for a 0.5 mm diameter FBH (kp2b = 1.23) where a difference of 2.4 dB was observed. Thus, 
for both the SPH and SDH we can say that the Kirchhoff approximation is adequate (i.e. less 
than 1 dB differences) when kp2b > 1. For the FBH, to keep the differences always less than 
1 dB we found we needed instead kp 2b > 2. Below these limits one can see rather large 
differences between the Kirchhoff approximation and the more exact scattering theories so 
that the Kirchhoff approximation cannot then be reliably used. It is rather remarkable, 
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however, that the Kirchhoff approximation remains accurate well below its formal range of 
val idi ty (ka 2b»l) .  
3.3 Model and experimental comparisons 
In the 2004 ultrasonic benchmark study [33], experimental responses at normal 
incidence were obtained for SDH, FBH, and SPH reflectors. One of the FBH samples 
contained a #3 FBH located at a depth of 25.4 mm in steel ( cp2 = 5940 m/s). One of the SDH 
samples had a 1 mm diameter hole located at a depth of 25.4 mm in aluminum (cp2  = 6416 
m/s). The SPH sample was a made of fused quartz (cp2  = 5969 m/s) with a 0.7 mm diameter 
sphere located at a depth of 19.63 mm. Figure 5 shows the measured signals from these 
samples together with model-based predictions based on both the Kirchhoff approximation 
and the more exact scattering theories. The measurement models used in these comparisons 
were the Thompson-Gray measurement model for the SPH and FBH and the Schmerr-Sedov 
measurement model for the SDH. It can be seen that there was excellent agreement between 
both model-based results and the experiment. Based on the model comparisons just 
discussed, this agreement is reasonable for the SPH and SDH cases since we have 
kp2b = 1.82 for the SPH reflector considered here and kp2b = 2.45 for the SDH reflector 
which are both > 1. For the FBH, the agreement between the two scattering models is to be 
expected since kp2b = 3.14 and it has been shown that Kirchhoff approximation works very 
well for kp 2b > 1, and the #3 FBH is still small enough so that beam variations are not 
important. 
4. OTHER MODEL AND EXPERIMENTAL COMPARISONS 
In addition to the normal incidence cases just discussed, the 2004 Benchmark study 
also examined SDH signals when going at oblique incidence through the fluid-solid 
interface. Figure 6 shows the response of a 5 MHz, 12.7 mm diameter planar piston 
transducer generating a 45° refracted SV-wave incident on a 1 mm diameter SDH in an 
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Figure 5. Comparison of modeled based responses with experimentally obtained responses 
of: (a) #3 FBH, (b) 0.7 mm diameter SPH, (c) 1 mm diameter SDH, all of them at normal 
incidence refracted P-waves. 
aluminum block. The water path again was 50.8 mm. This experimental result was compared 
to model-based results using both the Kirchhoff approximation and the SOV method. The 
measurement model used in the model calculations was the Schmer-Sedov model. In this 
case the SOV solution more accurately matched the early time leading edge response of the 
SDH than did the Kirchhoff approximation. Also, the SOV solution modeled the later 
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Figure 6. Comparison of modeled based responses with experimentally obtained responses of 
a 1 mm diameter SDH and (a) refracted P-waves at normal incidence, (b) refracted SV-wave 
at 45°. 
arriving creeping wave reasonably well while the Kirchhoff approximation did not model 
that scattered wave at all. 
As mentioned previously, all our model calculations use a multi-Gaussian beam 
model which is based on the paraxial approximation. This approximation assumes that the 
transmission coefficient defining amplitude changes across the fluid-solid interface varies 
slowly over the "footprint" of the beam on the interface. However, this is not the case when 
the angle of incidence is near to a critical angle, as shown in Figure 7, where the plane wave 
transmission coefficient is plotted versus incident angle. It can be seen from that figure that 
for refracted P-waves at 70° (near grazing incidence) and refracted SV-waves at 30° and 
75°(near grazing incidence) the plane wave transmission coefficient changes rapidly with 
small changes of the incident angle. In Figure 8(a) the experimental signal and corresponding 
model-based responses of a 1 mm diameter SDH are shown for a refracted SV-wave at 30°, 
which is at a critical angle as shown in Figure 7. It can be seen that both the SOV and 
Kirchhoff modeled responses show a large amplitude difference compared with the 
experimental signal. In this case there was a peak-to-peak signal difference of -2.8 dB 
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between the SOV scattering model and the experimental signal. In using the multi-Gaussian 
beam model for this case, the refracted wave field was calculated by using the transmission 
coefficient along a central ray from the transducer to the scatterer, which had a magnitude of 
0.108. 
To try to compensate for these strong variations in the transmission coefficient yet 
still be able to use the multi-Gaussian beam model, we considered a bundle of rays traveling 
from the transducer face to the center of the SDH, and calculated an average transmission 
coefficient for this ray bundle. The average transmission coefficient calculated in this fashion 
for the 30° refracted SV-wave had a magnitude of 0.137 which is approximately 21% larger 
than the fixed central ray transmission coefficient. In Figure 8(b) the modeled responses 
predicted using this average transmission coefficient are compared to the experimental result. 
The difference between the experimental signal and the modeled response using the SOV 
scattering model was reduced to 1.68 dB. 
Although using the average transmission coefficient improved the amplitude of the 
modeled response using the SOV at a refracted angle of 30°, little change was observed when 
this method was used in cases when the angle of incidence was near to grazing incidence on 
the interface. In grazing incidence there can be beam distortions and other interface waves 
present that cannot be corrected by simple ray bundle averaging. 
We also compared our model results to experiment for a number of other oblique 
incidence cases that will not be discussed in detail here. We will summarize some of those 
findings in the following Summary and Conclusions 
5. SUMMARY AND CONCLUSIONS 
Ultrasonic measurement models that can be used to predict the response from both 
large and small reference reflectors have been described. In the case of the SDH and SPH we 
found that beam variations over the surface of the flaw can be neglected. This is not the case 
for a FBH where significant beam variation effects may need to be accounted for. We also 
found that flaw scattering amplitudes modeled using Kirchhoff approximation are inaccurate 
when kb < 1. In this case a more exact scattering model is needed. 
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Figure 9 summarizes our results found at normal incidence for both beam variations 
and choice of scattering model. That figure can be used as a guide to determine when the 
Kirchhoff approximation works well and when it does not for these reference reflectors. It 
also indicates where we found beam variations become important for the FBH using a 5 
MHz, 12.7 mm diameter planar piston transducer. For other size and/or frequency 
transducers, the size of the FBH when beam variations produce errors greater than 1 dB may 
be different from the case shown, but it is easy to determine that limit for any given setup by 
using Eq. (20) for the large flaw case and comparing with the Thompson-Gray measurement 
results of Eq. (7). 
For waves incident on a SDH at oblique incidence, we found in studies that are not 
covered here that using a SOV scattering model with the Schmerr-Sedov measurement model 
in general gave the most accurate results. For refracted P-waves, differences < 1.3 dB were 
observed when using both a planar (5 MHz, 12.7 mm diameter) and a focused transducer (5 
MHz, 12.7 mm diameter, focused length 172.9 mm). Larger (> 1 dB) differences between 
experiment and our models, however, did occur near critical angles and grazing incident 
angles. A simple ray averaging procedure significantly improved the agreement between 
model predictions and experimental results in the SV-wave critical angle case but did not 
improve the grazing angle cases. We did see some larger than expected differences between 
model-based results and experiments for some SV-wave responses at refracted angles of 45° 
and 60°. In both cases, differences > 2 dB and > 3 dB were observed when a planar 
transducer (5 MHz, 12.7 mm diameter) and a focused transducer (5 MHz, 12.7 mm diameter, 
focused length 172.9 mm) were used, respectively. The reasons for those differences are still 
being investigated. 
Although in this paper the results obtained were only for a planar transducer, similar 
results were also obtained using a 5 MHz, 12.7 mm diameter spherically focused transducer. 
The overall behavior of the results found using a multi-Gaussian focused beam model was 
similar to the results discussed here for the planar transducer. 
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Figure 9. Range of wave numbers (reflector sizes) found for which an ultrasonic 
measurement model that neglects beam variations gives less than a 1 dB difference in peak-
to-peak response from a model that includes those variations (gray arrows), and the range of 
wave numbers (reflector sizes) found for which the Kirchhoff approximation gives less than 
a 1 dB difference in peak-to-peak responses than with a model based on an "exact" scattering 
theory (black arrows). 
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CHAPTER 4. DETERMINATION OF AN ULTRASONIC 
TRANSDUCER'S SENSITIVITY AND IMPEDANCE IN A PULSE-
ECHO SETUP 
A paper submitted to the Journal of the Acoustical Society of America 
Ana L. Lopez-Sanchez1, Lester W. Schmerr Jr.2'3 
ABSTRACT 
The role that an ultrasonic piezoelectric transducer plays in an ultrasonic 
measurement system can be described in terms of the transducer's input electrical impedance 
and its sensitivity. Here, a model-based approach is proposed to determine both the 
transducer impedance and sensitivity in a pulse-echo setup. The sensitivity obtained using 
this new approach is compared to a more complex three-transducer method originally 
developed for lower-frequency acoustic transducers that has been used in many previous 
studies. It is demonstrated that sensitivities obtained with this new method agree well with 
the sensitivities obtained by the three-transducer method. It is also demonstrated that at the 
MHz frequencies at which ultrasonic transducers operate, it is important to compensate for 
cabling effects in these measurements. The influence of the pulser/receiver settings on the 
results obtained will also be discussed. 
1. INTRODUCTION 
Ultrasonic transducers play an important role in both generating and receiving 
ultrasound in an ultrasonic nondestructive evaluation measurement system. In general, they 
are complex electromechanical devices that are difficult to characterize, as they involve a 
combination of electrical, piezoelectric and mechanical components. One approach to model 
1 Primary researcher and author 
2 Author for correspondence 
3 Major professor 
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an ultrasonic transducer is to represent it as a two-port device where the voltage and current 
at the electrical port are related to the force and velocity at the acoustic port by a 2x2 transfer 
matrix. Sachse and Hsu [1] suggested that if these transfer matrix elements were obtained 
experimentally, one would then have a "complete" characterization of the transducer. 
However, no practical procedure currently exists that allows one to obtain the transfer matrix. 
Fortunately, this difficulty can be bypassed by noting that when a transducer is used in 
practice, its acoustic port is always terminated by an acoustic radiation impedance that 
defines the relationship between the output force and output velocity of the transducer when 
it is used as a transmitter. Such terminated two port systems can then be characterized in 
terms of only two parameters - an input electrical impedance and a sensitivity [2, 3]. It has 
also been shown that those two quantities (in addition to the acoustic radiation impedance) 
completely account for the effects that an ultrasonic transducer has on an ultrasonic 
measurement system when it acts as either a transmitter or receiver or both (i.e. in a pulse-
echo setup). Both, the transducer electrical impedance and sensitivity are related to particular 
combinations of the underlying transducer transfer matrix [2, 3], 
A transducer's electrical input impedance can be determined by performing simple 
electrical measurements at the transducer electrical port when it acts as a transmitter [3, 4], 
Dang et. al. [3, 4] also determined experimentally the open-circuit, blocked force receiving 
sensitivity of the transducer using a three-transducer reciprocity calibration procedure 
originally developed for lower frequency acoustic transducers. This procedure only relies on 
a series of electrical measurements, eliminating the need to make difficult measurements of 
the mechanical fields at the transducer acoustic port. However, the three-transducer 
procedure is rather lengthy and delicate to perform and requires the use of additional 
transducers to obtain the sensitivity of a given transducer. Here, we demonstrate a new 
model-based pulse-echo method to determine a transducer sensitivity that uses only electrical 
measurements and a single transducer. It will be shown that the transducer's electrical input 
impedance can also be obtained from a subset of the measurements used to determine 
sensitivity, thus obtaining both these quantities at once. In the following sections, the model-
based relationships used to experimentally determine the transducer sensitivity in a pulse-
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Figure 1. Transmitting transducer A characterized as a two port system terminated at its 
acoustic port with a known acoustic radiation impedance. 
echo setup will be described. We will obtain transducer sensitivities by this new method and 
compare our results with sensitivities determined by the three-transducer method. 
It has been shown by Dang et. al. [3], that at MHz frequencies cabling effects are 
important and cannot be neglected when determining the transducer impedance and 
sensitivity. Cabling effects are also present and compensated for in the new pulse-echo 
method. We will also discuss the effects that different pulser/receiver settings have on the 
measurement procedure. 
2. TRANSDUCER IMPEDANCE AND SENSITIVITY 
Figure 1 shows a transmitting transducer A characterized as a two port system where 
the voltage, V (tt>), and current,/(&>) , at the electrical port generates force, Ft (ti>), and 
average normal velocity, v, (<y) at the acoustic port. As indicated, all these parameters are 
functions of the frequency, co .We can consider them as the Fourier transforms of the actual 
transient signals present at these ports. If the transducer is modeled as a linear, reciprocal 
device these parameters can be related through a 2x2 transfer matrix in the form: 
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and det [TA ] = 1, where det|^TA] indicates the determinant of the transfer matrix. If this 
transducer is radiating into a given medium, then the force and velocity at the acoustic port 
are related, i.e. 
where ZA;" (co) is the acoustic radiation impedance of transducer A (see Figure 1). We have 
used the a in the superscript of the acoustic radiation impedance to explicitly indicate that 
this is an acoustic impedance. Similarly, a superscript e will be used to indicate an electrical 
impedance. The acoustic radiation impedance can be determined for a given velocity 
distribution on the face of the transducer by using an integral representation of a transducer 
radiation problem such as the Rayleigh/Sommerfeld equation. Using this approach, 
Greenspan obtained the acoustic radiation impedance of a circular transducer radiating into a 
fluid for three different velocity distributions [5], At the frequencies used in most ultrasonic 
applications, Greenspan found that the acoustic radiation impedance of a circular piston 
transducer is just the acoustic impedance of a plane wave, i.e. ZA;a = pcpS where p is the 
density of the fluid, c is the compressional wave speed of the fluid, and S is the area of the 
transducer. Since a piston transducer is often a good model of the behavior of commercial 
ultrasonic transducers, for such cases the acoustic radiation impedance is a simple, known 
expression. In all our modeling studies, we will assume that the acoustic radiation impedance 
is a known function of frequency, and in subsequent experimental investigations we will 
simply use the plane wave value found by Greenspan for this parameter. 
Since the transducer is terminated at its acoustic port with a known acoustic radiation 
impedance we can write Eq. (1) as 
(2) 
(3) 
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Equation (3) shows that the transducer input electrical impedance, Z^e (<y), is just given by 
T7 rpArjA \ a  i ' T 'A 
(*)=y-22^ 3  (4) 
1  1 2 \ Z j r  ~ t I 22  
so that this impedance is just a function of the transducer transfer matrix elements and the 
acoustic radiation impedance. However, this input impedance is relatively easy to measure 
directly with purely electrical measurements so that it is not necessary to know explicitly the 
transfer matrix terms appearing in Eq. (4). With a measured input electrical impedance, we 
can characterize the role that this transducer plays as an electrical component in the sound 
generation process. For example, if we also had models or measurements of the electrical 
properties of the puiser and cabling attached to the transducer, with this input impedance we 
would be able to predict the voltage and current at the electrical port of the transducer. To 
complete the characterization of the transmitting transducer, therefore, we also need to 
describe how the transducer converts this voltage or current into force and velocity. This 
property of the transducer can be defined by specifying a transducer sensitivity. By 
definition, sensitivity, S(co), is just an output, o(<y) divided by an input, i((o), i.e. 
So i  (a)  = o(<y)/z(&>). For a transducer there are four different types of transmitting 
sensitivities we can define. They are 
SyV M = 
S
' '
{ < 0 ) =V(o,)  
v,(ai)  Sj(co)  
V(®) Zf(ffl) 
F,H 2t"(o>)S',(o>) 
Z,fW 
(5) 
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Figure 2. Transducer A characterized as a two port system when acting as a receiver, where 
the acoustic sources at the transducer input port are represented by a blocked force source, 
FB, in series with the acoustic radiation impedance, Zfa. 
But if the transducer's acoustic radiation impedance and input electrical impedance are 
known, any one of these sensitivities will determine all the others. Here, we will choose to 
work with the first transducer sensitivity listed in Eq. (5), . From Eq. (3) we have 
Svl i®) = TA7A;a rA ^ 
21 r 22 
but like the electrical input impedance it is not necessary to know the underlying transfer 
matrix elements in Eq. (6) if we can obtain this sensitivity directly by measurements. 
As we have seen, a transducer's electrical input impedance, its sensitivity and its 
acoustic radiation impedance are sufficient to completely specify how a transmitting 
transducer acts as an electrical element and as a converter of electrical to acoustic energy. It 
is also necessary to specify the parameters needed to define the role of the transducer as a 
receiver. We will show that on reception the same electrical input impedance, sensitivity and 
acoustic radiation impedance parameters are again sufficient. To see this consider a two port 
model of the same transducer A acting as a receiver as shown in Figure 2. Dang [6] has 
shown that the waves at the receiving transducer can be modeled as a blocked force source 
term, FB (<y) in series with the acoustic radiation impedance, ZrA;a (<y). The blocked force is 
the force exerted on the receiving transducer when its face is held rigidly fixed. In many 
modeling studies, authors assume that this blocked force is just twice the force of the incident 
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waves acting on the area of the receiving transducer when the transducer is absent. For the 
receiving transducer we have 
where the positions of ,7^ in Eq. (7) are reversed from that shown in Eq. (1) since now 
the acoustic port is the input port and the electrical port the output port and the direction of 
the current and velocity are opposite to that of Figure 1 on which Eq. (1) is based. However, 
the transfer matrix elements in Eq. (7) are identical to those in Eq. (1). From Figure 2 we see 
that 
Now, let us define the open-circuit, blocked force receiving sensitivity of the transducer, 
MVfb ( 
where the voltage is measured under open circuit conditions, i.e. we have I = O.From Eq. 
(7) and Eq. (8) then we find 
(7) 
fXw)-F(w) = Z^Mv(w) (8) 
M vt M = A 7 A l a + T A  =  S r l  H 
-*21 * 22 
(10) 
so that the open-circuit, blocked force receiving sensitivity is identical to the transmitting 
sensitivity, S* . Auld [7] refers to the condition (a)) = Sj (a>) as transducer reciprocity. 
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Z'=Z„ I  
V'=S*F B  V 
Figure 3. Thevenin equivalent circuit representing the receiving transducer and the acoustic 
source and impedance present at its input port. 
If we replace the elements of Figure 2 by a Thevenin equivalent source and 
impedance (see Figure 3), the Thevenin voltage source, V'(co), is just the open-circuit 
voltage so that we find V'[co) -  Sj (<y)FB(<y). To find the Thevenin equivalent impedance, 
Z'(<y), in Figure 2 we need to short circuit the source ( i.e. set FB= 0). In this case, 
however, we obtain exactly the same setup as shown in Figure 1 so that Z'(<y) = Z^;e(<y). 
Thus, we have shown that for a given set of waves that generate a blocked force, FB, the 
same electrical input impedance and transducer sensitivity terms used to define the role of the 
transducer as a transmitter also define the role of that transducer as a receiver. If we can 
determine the input electrical impedance and the sensitivity experimentally we have a 
means of explicitly modeling the effect of a transducer (or transducers) on an ultrasonic 
measurement. 
Based on their definitions the transmitting sensitivity, , has the dimensions of 
velocity/current while the open-circuit receiving sensitivity, M ^, has dimensions of 
voltage/force. Since these two sensitivities are equal, we can use either set of dimensions. 
Here we choose to use voltage/force in units of Volts/Newton, (V/N), to characterize the 
transducer sensitivity. 
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3. MODEL-BASED EXPRESSIONS FOR THE ELECTRICAL IMPEDANCE AND 
SENSITIVITY IN A PULSE-ECHO SETUP 
Measurement of a transducer's electrical input impedance is not difficult to make and 
many commercial transducer manufacturers will perform such measurements for their 
transducers. Sensitivity measurements, however, are not as common. This is perhaps to be 
expected since sensitivity by definition involves both electrical and acoustic parameters so 
that it is not as simple to obtain such a parameter by purely electrical measurements. 
Currently, there is a three-transducer reciprocity-based method used in acoustics to determine 
sensitivity, a procedure that Dang et. al. [3] modified to treat ultrasonic transducers operating 
at MHz frequencies. That method is rather unwieldy since it requires one to use three 
transducers in three different pitch-catch setups just to characterize the sensitivity of a single 
transducer. Here we will show that it is possible to replace that three-transducer method by a 
much simpler arrangement where we use a single transducer in the pulse-echo reference 
setup shown in Figure 4. In that setup, when the transducer is firing and radiating into the 
fluid but before any signals are received from the reflection from the block we will let 
Vin (co),Iin (<y) be the frequency components of the voltage and current at the transducer's 
electrical port (location b in Figure 4). After a delay time of approximately t  = 2D I cp l ,  
where D is the distance from the transducer to the block, waves reflected from the front face 
of the block will be transformed by the transducer, acting as a receiver, into voltage and 
current signals VT (cd),IT (<y) at the transducer's electrical port. In this section we will 
develop the model-based expressions that will relate Vin (<y),Iin (co),VT (a>),Ir (&>) directly to 
the transducer electrical impedance and sensitivity. 
Since the first set of measurements is made with the transducer radiating into the 
fluid, the electrical input impedance is simply 
z; A\e ( i i )  
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Figure 4. Experimental setup used to measure the voltages and currents for determining the 
transducer electrical impedance and sensitivity. 
When the transducer is receiving the waves reflected from the block we have from Figure 3 
F„{»') = 
S.1 M (12) 
However, the blocked force can also be written as 
Vt '•in 
where iA (<y) = FB (<y)/F( (<y) is an acoustic/elastic transfer function that defines all the wave 
propagation and diffraction effects occurring in the fluid. For the setup of Figure 4 this 
transfer function for the waves reflected from the front surface of the block and received by 
the transducer can be modeled explicitly as [8] 
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tA (co) = 2Rn  exp(-2a(co)D) 
•{l-exp(;lplfl2/2Z))[j0 (kpla2  /m) -U, [kpla2  /2D)] } 
(14) 
where a[co) is the frequency dependent attenuation of the fluid, a is the transducer radius, 
kpl = a>/cpl is the wave number and J0,J1 are Bessel function of order zero and one, 
respectively. The Rn parameter is the plane wave reflection coefficient at normal incidence 
for the interface between the fluid and the block, given by 
where P2,cpl  are the density and compressional wave speed of the block. This model 
assumes that the transducer acts as a piston transducer on both transmission and reception. 
The attenuation coefficient for water has been previously measured as a function of 
frequency. At room temperature it is given by [8] 
where the attenuation is measured in Np/m with the frequency, f = 0)/ 2n, given in Hertz. 
By using Eqs. (14), (15) and (16), the acoustic/elastic transfer function is completely 
known for this reference configuration once the geometrical and material parameters are 
specified. 
Combining Eqs. (11), (12), and (13) and solving for the sensitivity, we find 
^ _ PlCpl P\Cp\ 
PlCp2 P\cp\ 
(15) 
a(û))= 25.3 xlO-15/2 (16) 
(17) 
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Equations (11) and (17) are the basis of our new pulse-echo procedure. They show that if we 
measure the four voltages/currents Vin,Iin,VT,IT as a function of frequency and model the 
acoustic/elastic transfer function and the acoustic radiation impedance of the transducer, 
those four measurements completely determine both the electrical input impedance and 
sensitivity of the transducer. In the next section we will outline in detail the steps needed to 
use Eqs.(ll) and (17) in a practical experimental protocol. 
4. EXPERIMENTAL DETERMINATION OF IMPEDANCE AND SENSITIVITY 
4.1 Experimental setup 
Figure 4 shows the experimental setup used to measure the two pairs of voltage and 
current needed to determine the transducer electrical impedance and sensitivity. A transducer 
was placed at normal incidence to a block of quartz having parallel faces. The transducer was 
located at a distance D = 0.067 m from the front surface of the block. The material properties 
of the water and solid are as follows: px -1 gm/cm3 and cpl -1480 m/s for water and 
p2 = 2.2 gm/cm3 and cp2 = 5969 m/s for the quartz block. 
During both transmission and reception, it is not possible to have direct access to the 
transducer electrical port to measure the corresponding voltage and current. Therefore, the 
measurements are made instead at position a as shown in Figure 4. Those measurements can 
be related to the voltage and current at the transducer electrical port at position b, if we know 
the cabling transfer matrix as will be shown in the next section. 
The current measurement at position a is made by attaching a commercial current 
probe to the central conductor of the cable to make a direct reading of the current passing 
through the cable. The voltage measurement is made at the same location by inserting a T-
connector in the cable and measuring the voltage on the connector by using a wide band 
sampling oscilloscope. The current probe used was a Tektronix CT-2 probe, which has a 
bandwidth of 1.2 kHz to 200 MHz and a sensitivity of 1 mV/mA when terminated into a 50 
Q resistance. The output of the current probe was sampled with a LeCroy LT342 
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Waverunner oscilloscope. The voltage measurement was made with this same oscilloscope. 
A Panametrics 5052PR pulser/receiver was used to drive the transducer and receive the 
signal from the transducer. 
The cabling used to connect the transducer to the pulser/receiver consisted of a 
flexible 50 Q cable of 1.83 m length and a fixture rod (supporting the transducer in the water 
tank) of 0.76 m length. 
4.2 Cabling compensation 
Because the voltage and current in both transmission and reception are measured at 
location a shown in Figure 4, and there is several meters of cabling between the measurement 
point a and the transducer electrical port, location b, one cannot assume that the voltage and 
current measurements at location a are the same as the voltages and currents at point b. 
However, if the 2x2 transfer matrix, [T], of the cabling is known, the voltages and currents at 
b can be easily obtained from the corresponding voltages and currents measured at a. Similar 
cabling compensations were required when using the three-transducer reciprocity procedure 
[3]. 
Cabling compensations were incorporated into our measurements in the following 
way. First, the voltage, v, (t), and current, z\(r), were measured at position a when the 
transducer is firing and radiating into the fluid; after a delay time of t = 2D / cpX, the received 
voltage, v0(f), and current, i0(t), generated by the waves received from the front face of the 
block were also measured. The frequency components of these measured signals (?),/,(r) 
and v0(t), i0(t) were then computed by performing FFTs. These measured frequency domain 
responses will be denoted by V™ (to),/,™ [co) and V0m (co), 7™ (co), respectively. The 
corresponding voltage and current at the transducer electrical port for the transducer radiating 
are labeled Vin(co),Iin(co), and during reception are labeled VT(co),lT(co). These voltages 
and currents are shown in Figure 5, where the cabling is modeled as a two port system with a 
2x2 transfer matrix [T]. The transducer during sound generation (Figure 5 (a)) is modeled as 
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Transducer 
+ sources ^ A;e j 
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Figure 5. Cabling modeled as a two port electrical system with corresponding transfer matrix, 
[T]. The voltages and currents at the cable ends in (a) transmission and (b) reception. The 
direction of the current probe used to measured the currents are position a is also indicated. 
an electrical impedance and an "amplifier" that converts current to velocity. During sound 
reception the transducer is modeled as a voltage source and electrical impedance (Figure 5 
(b)) as discussed previously. The directions of the currents shown in Figure 5 come 
from the fact that the current probe used to make these measurements is a directional probe 
and this direction remained fixed, as shown in Figure 5, in all the measurements. The 
directions shown for (Vin,Iin) and (VT,IT) in Figure 5 are the same as the directions which 
were used when defining the impedance in Eq. (11) and the sensitivity in Eq. (17). 
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When the transducer is radiating into the fluid, the pairs (^"Vfjand ( Vin, Iin ) are 
input and output (voltage, current) pairs that are related to each other by the 2x2 transfer 
matrix [T] of the cabling in the form (see Figure 5(a)) 
The four components of this transfer matrix were characterized as a function of frequency 
experimentally by measuring voltages and currents at the cable ports (positions a and b in 
Figure 4) under different termination conditions, following steps similar to those outlined in 
[3]. Thus, in Eq. (18) the cable transfer matrix components are completely known. Inverting 
this relationship then we find 
If the cabling acted as an ideal reciprocal device the determinant of the transfer matrix would 
be unity, i.e., det[T] = 1. In practice, the measured determinant was close to but not 
identically unity so those small differences were accounted for by using Eq. (19) with the 
determinant calculated directly from the measured values. Thus the voltage at the transducer 
electrical port when transmitting can be expressed as 
(18) 
(19) 
(20) 
and the current, 
/»=4ïï(-w+7i',:) 
(21) 
85 
During the reception of the signals from the block, Figure 5 (b) shows that the 
measured signals (V0m,/0m) now replace the (v™, /," ) during the radiation process since both 
pairs are measured on the same end of the cable and both pairs have the same directions. 
However, during reception it is the pair (VT,-IT) that replaces the (Vin,Iin) appearing in the 
radiation process since in deriving the expressions for the impedance and the sensitivity it 
was assumed that the current Iin was flowing out from the cable while lT was assumed to be 
flowing into the cable. Thus by making these replacements we can also use Eq. (19) for the 
reception process in the form 
l22 -z 12 
det[T] -t: 21 l l l  Uom 
(22) 
From Eq. (22) the voltage at the transducer electrical port when receiving can be expressed as 
(23) 
and the current, 
'r <24> 
Using Eqs. (20), (21), (23) and (24) , we can convert the measured voltages and 
currents to those at the transducer electrical port and use those values directly in Eq. (11) and 
Eq.(17) to determine the transducer impedance and sensitivity. 
4.3 Experimental protocol for determining a transducer's impedance and sensitivity 
As described in earlier sections, to determine the effect that a transducer has in an 
ultrasonic system as either a transmitter or as a receiver we need to know three parameters: 1) 
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a transducer's acoustic radiation impedance, 2) its input electrical impedance and 3) its 
sensitivity. A high frequency asymptotic model value will be used for the acoustic radiation 
impedance, so that parameter is considered to be known. In this section we will describe the 
experiments needed to determine experimentally the transducer input electrical impedance 
and sensitivity. 
The protocol for determining transducer impedance and sensitivity has the following 
steps: 
1. Characterize the cabling by measuring voltage and current at both ends of the cabling 
under different termination conditions as described in detail in [3], In Figure 6 elements 
of the cabling transfer matrix, [T], determined in this fashion are shown for a 1.83 m 
flexible cable connected to a 0.76 m fixture rod. 
2. Measure the voltage, v^z), and current, z, (t), at position a (see Figure 4), when the 
transducer is firing. Taking the FFT of those signals we obtain their frequency 
components V™ (co) and I'" (co), respectively. 
3. Measure the voltage, v0(r), and current, i0(t), at position a (see Figure 4), when the 
transducer is receiving the waves reflected from the front surface of the block. The 
corresponding frequency components of those signals, V™ (co) and ,1™ (co) are also 
obtained with FFTs. 
4. Convert the measured voltages and currents, V"', I[", V", /", to the transducer electrical 
input (position b in Figure 4) by using equation (20), (21), (23) and (24) to obtain the 
pairs (V in, I in ) and (VT ,IT ). 
5. Determine the transducer electrical impedance, Z£'e (co) by using Eq. (11) and a Wiener 
filter (to desensitize the division process to noise ) 
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Figure 6. Experimentally obtained components of the cabling transfer matrix consisting of 
a 1.83 m flexible cable connected to a 0.76 m fixture rod. Left column, magnitude of the 
transfer matrix components versus frequency. Right column, component phase terms 
versus frequency. 
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(25) 
Figure 7 shows the transducer electrical impedance obtained for a 5 MHz, 6.35 mm 
diameter transducer (Panametrics V310, serial number: 184577) using a constant value 
of £ = 0.001. It can be seen that the transducer electrical input impedance behaves 
much like that of a capacitor. This is not surprising since most ultrasonic transducers 
contain a piezoelectric element plated on its face which will act to first order much like 
an ordinary capacitor. However, this may not always be the case, as some commercial 
transducers also contain internal tuning elements which may change significantly their 
electrical characteristics. 
6. Using Eq. (14), calculate the acoustic transfer function for the experimental setup 
described in section 4.1. 
7. Calculate the acoustic radiation impedance for a piston transducer given by 
ZAr'" = plcplSA where px and cpl are the density and compressional wave speed of the 
water, and SA is the area of the transducer. 
8. Determine the transducer sensitivity, Sj (co), by Eq. (17), again using a Wiener filter to 
desensitize the division process to noise: 
where A = VinIT +VTIin and B = tAZ^'a(lin)2 and £ = 0.001. Figure 8 shows the 
sensitivity for the same 5 MHz, 6.35 mm diameter transducer. A puiser energy setting 
of 1 and damping setting of 7 were selected for this example. 
(26) 
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Figure 7. Transducer input electrical impedance, Z^e [co), of a 5 MHz, 6.35 mm diameter 
planar and puiser damping setting of 7 and energy 1. Magnitude (solid line) and phase (dash-
dot line). 
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Figure 8. Transducer sensitivity, (<y), of a 5MHz, 6.35 mm diameter planar transducer. 
Magnitude of the sensitivity (solid line) and phase (dash-dot line). The puiser settings used 
were: energy 1 and damping 7. 
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4.4 Effect of cabling on sensitivity 
To show the effect that cabling has on the predicted values of the transducer electrical 
input impedance and sensitivity we calculated those parameters using the measured voltages 
and currents, (vim,/1m,v0m,/0m) directly, without compensating for cabling effects, i.e. for the 
impedance we used 
(27) 
and for the sensitivity, 
Svl (#) -
K" M C W+K (<•>)!" (°>) 
m z*>) [/;>)] 
(28) 
Again, the Wiener filters described previously were employed in these calculations. 
Figure 9 shows the comparison of transducer impedance and sensitivity determined 
neglecting cabling effects (Eqs. (27) and (28), respectively) to those when the cabling effects 
were considered (Eqs. (11) and (17)). A difference of almost 5 dB was found between both 
transducer sensitivities at the peak frequency. The transducer impedance curves also were 
significantly shifted from one another. Thus, the cabling effects are very important to include 
in these measurements. 
4.5 Effect of puiser setting on transducer impedance and sensitivity 
In principle, the impedance and sensitivity should not depend on the settings of the 
driving source (the puiser) if that source acts as a completely linear device. However, other 
studies have shown that at higher damping settings the puiser characteristics of the particular 
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Figure 9. Comparison of transducer (a) input electrical impedance and (b) sensitivity when 
cabling effects are considered (solid line) and neglected (dash-dot line). 
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puiser used here (Panametrics 5052PR) change considerably, possibly as a result of the non­
linear diode protection circuits contained in that instrument [9], Thus, we have examined the 
effects of the puiser damping setting on our measurements. The transducer impedance and 
sensitivity were determined for four different damping settings: 2, 5, 7 and 9. The puiser 
energy setting in all cases was set to 1. For each damping setting we followed the steps 
described in section 4.3 to determine the transducer impedance and sensitivity. Figure 10 
shows the transducer impedances and sensitivities at these four settings. In the impedance 
measurements there was observed a loss of the low frequencies at the higher damping 
settings, while all the results for frequencies above approximately 2 MHz were identical. For 
damping settings 2 and 5 there was little change in the measured values. Similar behavior 
was seen in the sensitivity measurements. As the damping increased the frequency 
components below the transducer central frequency were lost, narrowing the sensitivity 
response. However, all curves showed the same behavior and almost the same amplitude at 
frequencies above the transducer central frequency. The sensitivity curves were almost 
identical for the two lowest damping settings (2 and 5). It was concluded that there were 
indeed effects of the damping settings on these measurements. To minimize the loss of the 
low frequencies when using the present method and a spike puiser of this type, it appears that 
it is better to use the lower damping settings. 
A similar study was also carried on to evaluate the effects of the puiser damping 
settings on the open-circuit receiving sensitivity, M , obtained with the three transducer 
method [3]. Puiser damping settings of 5, 7 and 9 were used. In those cases, the open-circuit 
receiving sensitivity showed some similar low frequency changes but overall the sensitivity 
was less affected by changes in the puiser damping setting in comparison to changes seen 
with the present method both in amplitude and behavior. For the lowest damping setting the 
sensitivity curve showed a somewhat broader response at low frequencies and almost no 
difference was observed between the sensitivity curves obtained for higher damping settings. 
These results were obtained for 2.25 MHz, 12.7 mm diameter and 5 MHz, 6.35 mm diameter 
planar transducers. However, for a 10 MHz, 6.35 mm diameter planar transducer, sensitivity 
curves obtained for low damping setting showed significant differences in both amplitude 
and overall behavior with those obtained for higher damping settings. 
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Figure 10. Transducer (a) input electrical impedance and (b) sensitivity of a 5 MHz, 6.35 mm 
diameter planar transducer using four different puiser damping setting of 2, 5, 7 and 9 and 
energy 1. 
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Figure 11. Comparison of transducer sensitivity obtained using the pulse-echo method, , 
(solid line) to that obtained using a three transducer reciprocity method, M^Fji , (dashed-
dotted line) for a 5MHz, 6.35 mm diameter planar transducer. 
4.6 Comparison of methods for determining sensitivity 
The new pulse-echo method for determining transducer sensitivity, , proposed 
here was compared with the three-transducer reciprocity calibration procedure that is 
commonly used in the acoustics community to obtain the open-circuit receiving sensitivity, 
M yfB 2'5. Since these two sensitivities are in principle equal, the results obtained by the two 
methods should agree. In these comparisons, both sensitivities were determined for a puiser 
damping setting of 7 and energy setting of 1. Figure 11 shows both sensitivity curves, 
and My£ , obtained for a 5 MHz, 6.35 mm diameter planar transducer. The sensitivity curves 
show very good agreement both in amplitude and behavior over the transducer bandwidth. A 
difference of 0.1 dB was observed between maximum amplitudes of and , and both 
have a peak frequency at 4.4 MHz. As shown in Figure 12 the sensitivities calculated by 
these two methods for 2.25 MHz and 10 MHz planar transducers were also in very good 
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Figure 12. Comparison of transducer sensitivity obtained using the pulse-echo method, , 
(solid line) to that obtained using a three transducer reciprocity method, MyFg, (dashed-
dotted line) for a (a) 2.25 MHz, 12.7 mm diameter planar transducer, and (b) 10 MHz, 6.35 
mm diameter planar transducer. 
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agreement in amplitude behavior over the transducer bandwidth with some larger differences 
showing up for the 10 MHz transducer at very low and very high frequencies. There appears 
to be a phase shift of approximately 180 degrees between the two methods, corresponding to 
a sign change in the predicted sensitivity. This type of difference is discussed in the next 
section. 
4.7 Sign of the sensitivity 
When the measured signals and modeled parameters are combined they determine the 
square of the transducer sensitivity, not the sensitivity itself. This can be seen from Eq. (17) 
if we rewrite it as 
directly [3]. Thus when the square root is taken with either of these measurement procedures 
there is always an ambiguity about the sign that should be chosen for the actual transducer 
sensitivity. In a pulse-echo experiment, the sign is immaterial in predicting the measured 
voltage output of the system since the output voltage is proportional to the sensitivity squared 
(same transducer is both sender and receiver). In a pitch-catch experiment, however, two 
different transducers are used and this ambiguity in sign could affect the sign of the output 
voltage. There is no way to resolve the sign with the procedures discussed here, but there are 
two ways to proceed. In a pitch-catch measurement, the measured sensitivities can be 
inserted into a complete electroacoustic measurement model [4, 5] and the polarity of the 
measured voltage in a simple reference experiment compared to the model predictions. If the 
predicted polarity was correct (i.e. agreed with the experimental voltage), one could say that 
the signs of the two sensitivities were consistent. To determine the sign in a more 
(29) 
Similarly, the three transducer reciprocity measurement procedure only determines J 
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fundamental manner one could place the transducer in a setup where the input current driving 
the transducer was measured as well as the pressure in the transducer wave field (such as the 
on-axis pressure measured with a separate calibrated probe). Such a measurement setup 
would only be needed, however, if it was essential to predict in an absolute sense the 
generated pressure wave field. 
5. SUMMARY 
A model-based method for simultaneously determining the impedance and sensitivity 
of ultrasonic planar immersion transducers was described. This method is based on a pulse-
echo setup, which greatly simplifies the procedure and reduces the number of electrical 
measurements and system components that are needed in comparison to previous methods 
[3]. Since transducer electrical impedance and sensitivity are the two key elements needed to 
characterize the role that a transducer plays in an ultrasonic measurement system, this 
method provides a new and highly effective way to obtain these important parameters. 
It was shown that cabling effects are very important to consider in these 
measurements. Whenever MHz frequencies and several meters of cables are present, the 
cables do not simply transfer the signal unchanged from the puiser to the transducer and from 
the transducer to the receiver. 
It was observed that the measured transducer impedance and sensitivity do depend 
somewhat on the damping control setting of the puiser. The exact cause of those differences 
is unknown at present, but the differences are not large except at the lowest frequencies and 
with the present method the loss of low frequencies can be minimized by working at the 
lower damping settings. 
Transducer sensitivities obtained using the pulse-echo method were compared with 
those obtained using the three-transducer calibration procedure [3], The results using both 
methods showed good agreement for a variety of planar transducers examined (planar 
transducers with central frequencies of 2.25 MHz, 5 MHz, and 10 MHz). 
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chapter 5. a simplified method for complete 
characterization of an ultrasonic nde 
measurement system 
A paper submitted to the Research in Nondestructive Evaluation 
Ana L. Lopez-Sanchez1, Lester W. Schmerr Jr.2'3 
ABSTRACT. 
The Electroacoustic Measurement Model (EAM model) [1] is a model that combines 
models and measurements for all the electrical and electro-mechanical components and the 
acoustic/elastic wave propagation and scattering processes present in an ultrasonic 
measurement system to predict the measured output voltage. A new approach for 
implementing the EAM model is described. This approach uses a recently developed model-
based pulse-echo method for determining the transducer electrical impedance and sensitivity. 
This method greatly simplifies the determination of the transducer sensitivity and as a 
consequence makes the entire EAM model more practical to implement. The experimental 
protocols needed to implement this simplified EAM model are described and examples of 
experimentally determined characteristics of all the different system components are 
presented. These measured/modeled parameters of the system components are combined to 
predict the output signal in an ultrasonic measurement system. It is shown that output signals 
obtained in this fashion agree well with the directly measured signals. 
1. INTRODUCTION 
An ultrasonic measurement system is a collection of elements, each one contributing 
to the signals that are measured in an NDE test. Therefore, to completely characterize an 
1 Primary researcher and author 
2 Author for correspondence 
3 Major professor 
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ultrasonic measurement system it is necessary to be able to characterize the contribution of 
each element to the actual output voltage. Dang et. al. [1] developed a comprehensive model 
of an ultrasonic measurement system that combines the acoustic/elastic wave fields present in 
an ultrasonic test with models of all the electrical and electromechanical components of a 
measurement system, this model is called the Electroacoustic Measurement Model (EAM 
model). In the EAM model the elements of an ultrasonic measurement system are grouped 
according to the role that these elements play in the sound generation, reception and 
acoustic/elastic propagation/scattering processes, where each process is characterized in 
terms of a transfer function [1, 2]. Thus, the output voltage is expressed by the product of 
those transfer functions with an equivalent driving voltage from the puiser. 
A special important characteristic of the EAM model is that it allows one to model 
commercial electrical and electromechanical components such as transducers, 
pulser/receiver, cabling, etc., in terms of parameters that can all be determined 
experimentally through purely electrical measurements in standard calibration setups [2]. The 
pulser/receiver and cabling, since they are purely electrical components, are relatively easy to 
characterize and measure. The transducers, however, have been more difficult to deal with 
because of their mixed electrical and acoustic properties. In the EAM model, commercial 
transducers are modeled in terms of their electrical impedance sensitivity. The impedance, 
being an electrical parameter, can be obtained directly by electrical measurements at the 
transducer electrical port. The transducer sensitivity can also be obtained with purely 
electrical measurements by using a three-transducer reciprocity-based method originally used 
for lower frequency acoustic transducers [3], However, this method is rather lengthy and 
delicate to perform, so it is the key obstacle to making the EAM model approach practical to 
implement in a routine manner. Recently, however, a new, simplified model-based pulse-
echo method has been developed to determine experimentally the transducer electrical 
impedance and sensitivity simultaneously [4]. Combining this new transducer 
characterization method with measurements and models of all the other elements of an 
ultrasonic measurement system produces a new and highly effective way to implement the 
EAM model. 
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(transmitter) flaw Transducer 
(receiving) 
Figure 1. Components of an ultrasonic immersion NDE measurement system. 
In this paper we incorporate the new transducer characterization method into the 
EAM model and provide the protocol for making all the measurements needed to implement 
this simplified EAM model approach. We demonstrate this new EAM model by completely 
characterizing a pitch-catch immersion ultrasonic system. It is shown that the output voltage 
synthesized by the EAM model agrees well with the directly measured voltage signal. 
2. ULTRASONIC NDE MEASUREMENT SYSTEM 
A general ultrasonic measurement system includes: electrical components 
(pulser/receiver, cabling), electro-mechanical components (transducers) and the 
acoustic/elastic wave propagation and scattering present in the material being inspected, (see 
Figure 1). Those components can be grouped according to the role they play in sound 
generation, sound reception and acoustic/elastic propagation/scattering processes, which we 
will describe individually. 
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Figure 2. Model of the entire sound generation process in an ultrasonic measurement system. 
2.1 The sound generation process 
The puiser, cabling and transducer are the ultrasonic system components involved in 
the sound generation process. The puiser generates electrical pulses which are transmitted via 
a cable to a transmitting transducer A. The transducer transforms this electrical energy from 
the cable into mechanical energy in the form of motion (displacement or velocity) at the 
transducer face. This motion in turn generates waves in the acoustic medium. 
Figure 2, shows a complete model of the entire sound generation process [2] where 
the puiser has been modeled by a Thevenin equivalent voltage source, V, (ai), and an 
equivalent electrical impedance, Z\ (a>). The "e" superscript is used to indicate that it is an 
electrical impedance and to distinguish it from acoustic impedances, which will use an "a" 
superscript. The equivalent voltage source and impedance are both functions of the puiser 
settings and can be obtained experimentally through simple electrical measurements [2]. 
At frequencies normally used in an NDE testing, the cabling used in an ultrasonic 
measurement system affects the signals transmitted to (and received from) the transducer. 
Thus, cabling effects need to be accounted when modeling an ultrasonic measurement 
system. The transmitting cabling has been modeled as a two-port electrical system [2], and a 
corresponding 2x2 transfer matrix, [T]. The elements of the cabling transfer matrix can be 
determined by measuring voltage and current at both ends of the cabling under different 
termination conditions as described in detail in [3]. 
103 
Dang et. al. [1, 2] shown that in the generation process the role of a transmitting 
transducer can be completely characterized in terms of the transducer's electrical input 
impedance, its sensitivity and its acoustic radiation impedance. The input electrical 
impedance characterizes the role that the transducer plays as an electrical component in the 
sound generation process. The sensitivity describes how the transducer converts voltage or 
current into transmitting force and velocity. The acoustic radiation impedance, ZrA;", 
describes the relationship between the force, Ft (a>), generated at the transducer acoustic 
port, and the average velocity, vt {(o), at that port, i.e. 
Although the acoustic radiation impedance in general is frequency dependent and would have 
to be obtained experimentally for a given transducer, if the transducer is assumed to act as a 
piston source radiating into water at MHz frequencies, then, ZrA;fl = plcplSA, which is just the 
impedance of a plane wave [5]. Here px is the density of the surrounding fluid, c, is the 
compressional wave speed of the fluid and SA is the area of the transducer. Since piston 
transducers models have been shown to work well for characterizing many commercial 
transducers we will assume the acoustic radiation impedance is just this plane wave result 
and hence a known constant. 
In Figure 2, the transmitting transducer A is modeled as an electrical impedance and 
an ideal "amplifier" that converts the input electrical signals into lumped mechanical 
quantities such as force and velocity at the acoustic port. From Figure 2, it can be seen that 
the transducer electrical impedance, Z^e (co), is given simply by 
F,H = Z^(w)v,H (1) 
(2) 
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where Vin andIin are the driving voltage and current at the transducer's electrical port, 
respectively, when the transducer is radiating into a medium. 
The sensitivity by definition is the ratio of a transducer output quantity to a transducer 
input quantity. For a transmitting transducer the output quantities would be force, Ft, and 
velocity, vt, and the input quantities would be voltage, Vin, and current, Iin. Therefore, four 
different sensitivities could be defined. However, all these sensitivities are related so that it 
is only necessary to choose a particular one [4]. Here we will describe the transmitting 
transducer A in terms of the sensitivity Sj which is defined as the ratio of its output velocity 
to its input current, i.e. 
s>)
=m 
From Figure 2, the voltage and current pair (%,/,) at the puiser output can be related 
to those at the transducer electrical port (Vin, Iin ) by the cabling transfer matrix [T], as 
from where the voltage Vx can be expressed as 
(5) 
and the current 
/, =r2li/„ +rn/,„ (6) 
We can then replace the cabling and transmitting transducer by an equivalent impedance (see 
Figure 3) which is given by 
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Puiser 
Figure 3. A reduced model of the sound generation process where the cabling and 
transmitting transducer have been replaced by an equivalent electrical impedance. 
z  _ V , _ T y Z T + T n  (7) 
From Figure 3, the puiser equivalent voltage source can be expressed in terms of this 
equivalent impedance as 
(8) 
Likewise, the input voltage and current, ( Vm , Im ), at the transducer electrical port can 
also be expressed in terms of the voltage and current ) at the puiser output, 
V, in 
/, 
'22 *12 
21 1 1 .  
ix 
I - A ,  
(9) 
where it has been assumed that the cabling is a reciprocal device and therefore, the 
determinant of its transfer matrix must be unity, i.e., det[T] = l. From Eq. (9) and (8), the 
input current, Iin, at the transducer electrical port can be expressed in terms of the puiser 
parameters by, 
106 
/. = Tn T*Zt y 
z ; + z ^  '  
(10) 
The transmitted force, F t, can be expressed by using Eq. (1) and (3) as, 
_ -7 A;a r, A F t = Z  
'vl 
^T —T 7 ^ 
•mi 21 r 
Z f + Z r  
v; (11) 
2.2 Acoustic/elastic propagation/scattering processes 
The transmitted force, F t, in the face of the transducer when the transducer is firing, 
generates waves which propagate and interact with the specimen under inspection, and a 
portion of those waves will impinge on the receiving transducer face. The wave incident on 
the receiving transducer will cause a force on the transducer face. As shown in [1] it is 
convenient to use a particular force at the receiver known as the blocked force, FB. The 
blocked force is by definition the total force that would be generated at the receiving 
transducer face if its face were held rigidly fixed. If the waves at the receiver are modeled as 
plane waves the blocked force is just twice the force, Finc, exerted by the incident waves 
alone (i.e. the waves when the transducer is absent). Many authors automatically use 
FB = 2Finc as the plane wave assumption likely works well in most cases. 
The acoustic transfer function, tA (co), relates the transmitted force, F t, and the 
blocked force, Fg, by [1] 
(12) 
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Puiser Receiver 
\ D 
Figure 4. Ultrasonic pitch-catch calibration setup, where the axes of two planar transducer of 
the same radius are aligned and separated a distance D. 
In general, the acoustic transfer function, tA (a>), characterizes the acoustic 
propagation, attenuation, diffraction, and scattering processes present in the measurement 
system. For flaw measurement systems this transfer function can be expressed in various 
forms in terms of the transducer wave fields and the waves scattered from the flaw [1,6]. In 
some simple calibration configurations it is possible to obtain the acoustic transfer function 
explicitly. For example, consider the setup shown in Figure 4. There two circular, planar 
piston transducers with the same radius a, are placed opposite to each other separated a 
distance D in a fluid, in a configuration where their axes are aligned. In this case the acoustic 
transfer function is given by [7] 
tA(co) = 2exp[-a(oj)D^l-exy(ikp]a2 /o)[jQ(ikrAa2 /d)-iJ{(ikpla2 /£>)]} (13) 
where a(co) is the frequency dependent attenuation of the fluid, kpl - a>/cpl is the wave 
number on the fluid and J0,J1 are Bessel functions of order zero and one, respectively. 
The attenuation coefficient for water at room temperature is given by [6] 
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Figure 5. Model of the entire reception process in an ultrasonic measurement system. 
where the attenuation is measured in Np/m, and the frequency, / = (ol2n, is given in Hertz. 
2.3 Sound reception process 
The components of an ultrasonic measurement system (see Figure 1) involved in the 
sound reception process are: an acoustic medium in front of the receiving transducer, a 
receiving transducer B, cabling and the receiver portion of a pulser/receiver. The receiving 
transducer converts the force caused by the acoustic waves incident at its mechanical port 
into electrical energy at its electrical port. The electrical signals are transmitted to the 
receiver section of a pulser/receiver by the cabling, where they are amplified and possibly 
filtered. Figure 5, shows our model of the entire sound reception process. 
Dang [3] shown that on reception the transducer and acoustic waves incident on the 
receiving transducer face can be completely modeled by the blocked force, FB (co), 
multiplied by the transducer's open circuit, blocked force receiving sensitivity, MyfB(co), 
e(w)= 25.3x10-"/' (14) 
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and the transducer's electrical input impedance, Zfn'e((o), as shown in Figure 5. The 
receiving sensitivity My^(a>) is defined as [2] 
(i5) 
where V°°is the open-circuit voltage generated at the electrical port of the transducer by the 
acoustic sources. It can be shown that the receiving sensitivity, My^(a>), of a transducer is 
identical to its transmitting sensitivity, S^(a>) [8], so that a single sensitivity (and 
impedance) characterize the role of a transducer as both a transmitter of ultrasound and as a 
receiver. 
The cabling in the reception process can also be characterized as a two-port system 
with a 2x2 reciprocal transfer matrix, [R]. The elements of the receiving cabling transfer 
matrix can again be found through simple electrical measurements as described in [3]. 
The receiver section of a pulser/receiver can be modeled as an electrical impedance, 
Z q(co), and an amplification factor, K((d), as shown in Figure 5, where VQ(co) and 70(co) 
are the voltage and current at the receiver's input, and VR(co) is the receiver output voltage in 
the frequency domain. The receiver's filtering characteristics will not be modeled here as any 
filter operation, if needed, can always be applied later to the receiver output signal. 
The role of the cabling in the sound reception process is exactly the same as its role in 
the sound generation process. Therefore, in the reception process the voltage and current pair 
(VT,IT) at the transducer electrical port can be related to the pair (V0,1Q) at the receiver's 
input by 
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where again it has been assumed that the cabling is reciprocal and its determinant equals 
process in Eq. (9), which indicates that the current directions in the reception process are 
opposite to those of the generation process. 
However, in the reception process we are interested in expressing the receiver output 
voltage, VR (<y), in terms of the other parameters involved in the ultrasonic measurement 
system. Therefore, it is of interest to relate the voltage and current at the receiver input, 
( V0,70 ), in terms of those at the transducer electrical port, (VT,IT ). 
unity, det[R] = 1. Note that currents in Eq. (16) have opposite signs to those in the generation 
(17) 
From which the voltage at the receiver input can be expressed as 
Vo = RUVT - R12JT (18) 
and the current I0, 
h — R21^T R22^T (19) 
From Figure 5, the current IT at the transducer electrical port can be expressed as, 
_ Fbsvb, -Vt (20) T ryB;e 
Substituting Eq. (20) in Eqs. (19) and (18), and after some math, it can be shown that the 
voltage VQ at the receiver input is given by, 
I l l  
Figure 6. A reduced model of the sound reception process where the acoustic sources, 
receiving transducer and cabling have been replaced by an equivalent voltage source and 
electrical impedance. 
v .-  ^  
V^21 Zfo'  + R22 J 
(21) 
The same expression would be obtained if instead of the system shown in Figure 5, we had 
an equivalent circuit consisting of a voltage source, Vs(co), in series with an impedance, 
Zs (co), connected to the receiver model, as shown in Figure 6. For this equivalent system, 
the receiver input voltage V0 can be written as, 
yo=y,-z,4 (22) 
Comparing Eqs. (21) and (22), it can be seen that the value of the voltage source vX®) *s 
given by, 
(23) 
and the impedance Zs (co) value is given by, 
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Z , =  XuZZr+R* (24) 
From Eqs. (11) and (12), the blocked force, FB, at the receiving transducer can be 
expressed as 
rTn-T2 lZT^ 
v y 
v, (25) 
Substituting FB into Eq. (23), the voltage source Vs (co) is then given by, 
y, /  TU~T21ZT ^ 
\^R2 2+R2 1Zjn j  
V, 
[z; + zT) 
(26) 
The voltage source, Vs(<®), and the impedance, Zs(co), given in Eqs. (26) and (24), 
respectively, are the components of an equivalent circuit that represents the acoustic sources, 
the transducer and cabling in the reception process of an ultrasonic pitch-catch measurement 
system. 
If instead we had an ultrasonic pulse-echo measurement system where the same 
t r ansducer is used to transmit and receive the ultrasonic waves, (i.e., A - B), and the same 
cabling is used in both generation and reception processes ([T]= [R]), then for a pulse-echo 
setup, the voltage source, Vs (co), can be expressed by, 
V,=tsZ?'[s?, I I21 Tn T21Z t  (z;+zr) (27) 
and the corresponding impedance Z (co), 
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Z„ = TnZf+Tt a (28) 
In the more general pitch-catch case the frequency components of the receiver output 
voltage, VR(co), is finally given by 
v%+z,,  
. + rj A\a çAnB 
' A r ^vl vl 
v. 
m - T21ZT V, 
(29) 
(z ;+z T )  
Equation (29) expresses the output voltage VR (co), in terms of parameters of the ultrasonic 
measurement system that can either be measured or modeled. Thus, it is an explicit 
expression of our EAM model. The last three terms in Eq. (29) are all the electrical parts of 
the measurement system, containing the electrical properties of the pulser/receiver, cabling 
and transducers. We see that the conversion of the electrical signals into sound waves and 
vice-versa is characterized in Eq. (29) by the product of the sensitivities of the sending and 
receiving transducers. This shows the important role that these transducer sensitivities play in 
the ultrasonic system. The acoustic/elastic transfer function characterizes the contribution 
that all the wave propagation and scattering processes make to the output voltage and the 
acoustic radiation impedance of the transmitting transducer appears as an additional constant. 
2.4 System transfer function 
Another representation of the total system response can be obtained by combining all 
the models of the electrical and electromechanical components of the measurement system 
into a single factor, s(co), called the system transfer function, where [2, 7] 
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VR(co) = s(co)tA(co) (30) 
For a pitch-catch setup Eq. (29) shows that the system transfer function is given by 
T -7 T i l l  Z^T121 
7+7' v r i y 
(31) 
Thus, the EAM model shows the contribution that any of the electrical and 
electromechanical components make to the system transfer function. There is also a direct 
way of obtaining this system transfer function without measuring all the components 
contained in Eq. (31). Equation (30) shows that for any calibration setup where we can model 
the transfer function tA (a)) explicitly and where the frequency components of the received 
voltage, VR (<y), can be obtained experimentally, the system transfer function is given by 
(32) 
which is just a deconvolution process. In practice, to reduce the sensitivity of the 
decon volution to noise, a Wiener filter is used [6]. Of course, one should obtain the same 
system transfer function by either measuring all the components in Eq. (31) or performing 
the deconvolution of Eq. (32). We will show below that this is indeed the case. 
Determining the system transfer function by deconvolution in a reference setup 
allows us to characterize in one measurement the effects of all the electrical and 
electromechanical components in an ultrasonic measurement system. If in another setup, 
such as a flaw measurement, the same components and system setting are used as in the 
reference experiment used to determine s^oj) , then this same system transfer function can 
also be used. This is a very effective approach in many cases. However, the EAM model 
gives us a powerful engineering tool for explicitly analyzing the contributions that all our 
measurement system electrical and electrical components make to this system transfer 
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function. One could, for example, examine the effects of system changes such as increasing a 
cable length or changing a transducer by merely replacing the appropriate terms in Eq. (31). 
3. ULTRASONIC SYSTEM CHARACTERIZATION 
In this section the received voltage, VR (<y), is predicted using Eq. (29) for the pitch-
catch setup shown in Figure 4. Two 5 MHz, 6.35 mm diameter planar transducers 
(Panametrics V310, with serial numbers: 257916 and 184577) were used as transmitter and 
receiver, respectively. The transducers were aligned along their axes and separated a distance 
D = 0.067 m. A Panametrics 5052PR pulser/receiver was used to drive the transmitting 
transducer and receive the signal from the receiving transducer in a pitch-catch mode. The 
transmitting cabling consisted of a flexible 50 £2 cable of 1.83 m length, a fixture rod of 0.61 
m length and a right angle adaptor connected at the end of the fixture rod used to support the 
transducer in the water tank in a horizontal position. The receiving cabling consisted of a 
flexible 50 Q cable of 1.83 m, a 0.76 m fixture rod and a right angle adaptor. 
To characterize all the components in the ultrasonic measurement system 
experimentally we need to measure various voltages and currents. Voltage measurements 
were made using a wide band sampling oscilloscope (a LeCroy LT342 Waverunner 
oscilloscope) having a 500 MHz sampling frequency. The current was measured by attaching 
a commercial current probe to the central conductor of the cable to make a direct reading of 
the current passing through the cable. The current probe used was a Tektronix CT-2 probe, 
which has a bandwidth of 1.2 kHz to 200 MHz and a sensitivity of 1 mV/mA when 
terminated into a 50 £2 resistance. The output of the current probe was sampled using the 
sampling oscilloscope. 
The specific measurement protocol for making all the measurements needed for the 
EAM model is summarized in the next section. 
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3.1 Experimental protocol for determining the received voltage signal 
In order to predict the output voltage, VR (co), a complete characterization of the 
ultrasonic system is required. Such characterization involves the measurement of 1) the 
puiser parameters: source strength V^co) and internal impedance Z\ (co), 2) the receiver 
parameters: electrical impedance, Z0e (co), and amplification factor, K(co), 3) the cabling 
transfer matrixes for the cabling used in both the generation and reception processes, 
([T],and[R]), and 4) both transducer electrical input impedances, ( Z^'e (co), Zfn'e (co) ) and 
transducer sensitivities, (and5® ). Here we will outline the experiments needed to 
determine all these component parameters. 
The protocol has the following steps: 
1. Determine the elements of the transmitting and receiving cabling matrixes, [T] and [R], 
respectively, by measuring the voltages and currents at both ends of the cabling under 
different cabling termination conditions as described in [3], Figure 7, shows the four 
elements, Tn,T12,T2l and T22, of the transmitting cabling transfer matrix consisting of a 
flexible 50 Q cable of 1.83 m length, a fixture rod of 0.61 m length and a right angle 
adaptor connected. The transfer matrix elements of the receiving cable are not shown as 
they have very similar characteristics. It can be seen from Figure 7 that at the MHZ 
frequencies found in ultrasonic systems, cables of this length do not simply pass signals 
through unchanged. 
2. The parameters required to characterize a puiser are the voltage source, V i  (co), and the 
internal impedance, Z- (co). The source strength, Vt (co), is obtained by measuring the 
open-circuit output voltage of the puiser and performing an FFT of the measured voltage. 
The internal impedance, Z.(co), is determined by measuring the voltage dropped, vL(t), 
across a 50 Q, resistor connected to the puiser outlet and its frequency components, 
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VL(co), were obtained with an FFT. Under these conditions, the transducer's input 
electrical impedance is given by [2, 7] 
z;(ffl)=[v,H/v»-i]z[ (33) 
with ZL = 50 £2. Figure 8 shows the puiser voltage source and internal electrical 
impedance of a Panametrics 5052PR pulser/receiver determined in this manner for an 
energy setting of 1 and damping setting of 7. 
3. To determine the electrical impedance, ZeQ (a)), and an amplification factor, K(co) of a 
receiver a pitch-catch setup was used (see Figure 4) where the voltage and current at the 
receiver input, v0(t) and i0(?), and the output voltage, vR(t), were measured. The FFT of 
those signals was taken to obtain their spectra, V0(a)), I0(co) and VR(co). The receiver's 
electrical impedance, Z* (oj), and amplification factor, K(co), are then computed from 
Z0» = V»//» (34) 
K(o))=vJa,)lvJio) (35) 
A Wiener filter can be used in both equations to desensitize these divisions to noise. 
Figure 9 shows both receiver parameters determined experimentally for gain and 
attenuation settings of 20 dB and 12 dB, respectively, of the Panametrics 5052PR 
pulser/receiver. The filter control of the receiver was set "off'. It can be seen from 
Figure 9, that in the case of the gain determined experimentally its value is somewhat 
smaller than the nominal value selected with the gain and attenuation settings. Because 
transmitting and receiving transducers were used to provide the energy source for the 
receiver it can be seen that the receiver parameters determined in this way are only 
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Figure 7. Experimentally obtained components of the transmitting cabling transfer matrix 
consisting of a 50 £2 flexible cable of 1.83 m length, a 0.76 m fixture rod and a right angle 
adaptor. Left column: component magnitude versus frequency. Right column: component 
phase versus frequency. Note that both Tn and T22 are dimensionless. 
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Figure 8. Measured properties of the puiser section of a Panametrics 5052PR pulser/receiver 
with puiser settings of energy 1 and damping 7. Magnitude (solid line) and phase (dashed-
dotted line) of (a) the equivalent voltage source, Vt (a>), and (b) the equivalent internal 
impedance, Z/ (co). 
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Figure 9. Magnitude (solid line) and phase (dashed-dotted line) of (a) receiver input electrical 
impedance, ZJ (&>), and (b) receiver amplification factor,  K(ÛJ).  
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obtained over the bandwidth of the transducers used. Since these are the same transducers 
that will be used to obtain the output voltage, this causes no problems. If one wanted to 
remove the dependency of these measurements on the transducers used, a wide 
bandwidth driving source could be used to obtain these parameters instead. 
4. The acoustic/elastic transfer function was obtained using Eq. (13), for the specific system 
shown in Figure 4, where the radius of the transducers was a = 3.175xl0~3m and the 
separation distance between both transducers was D - 0.067 m. Figure 10 shows the 
acoustic/elastic transfer. The high frequency decay of this transfer function is caused by 
the attenuation of the water while the low frequency increasing behavior is caused by 
wave diffraction effects. 
5. The input electrical impedance, Zein (on), and sensitivity, Sv! (co) of both transmitting and 
receiving transducers, can be determined by only four voltage and current measurements 
in a simple single experiment pulse-echo setup as described in [4]. In Figure 11 are 
presented the electrical input impedances and sensitivities of the two 5 MHz, 6.35 mm 
diameter planar transducers used as transmitter (sn: 257916), and as receiver (sn: 184577) 
in the pitch-catch setup shown in Figure 4. The transducers parameters were obtained for 
a puiser energy setting of 1 and damping setting of 7. Both transducers have almost 
identical input electrical impedances, and the sensitivity curves are very similar both in 
amplitude and behavior over the transducers' bandwidths. 
6. Combine all the measured and modeled parameters of the ultrasonic system to determine 
the output voltage, VR{(o), using Eqs. (7), (28), and (29) to obtain ZT, Zs, and then 
VR (co) .respectively. 
7. Perform an inverse FFT on VR(<y)to obtain the received voltage signal, vR  ( t) , which can 
be compared with the voltage measured at the receiver output on an oscilloscope. Figure 
12, shows both the measured and the synthesized output voltage obtained for a puiser 
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Figure 10. Magnitude (solid line) and phase (dashed-dotted line) of the acoustic transfer 
function, tA (co), for a pitch-catch setup where two 5MHz, 6.35 mm diameter planar 
transducers are separated by a distance D = 0.067 m. 
energy setting of 1 and damping setting of 7. A difference of -0.6 dB was observed 
between the peak-to-peak voltage response of the synthesized signal to that of the 
measured signal. 
As all the characteristics of the components in the measurement system have been 
determined experimentally, we obtained the system transfer function, s(a>), by using Eq. (31). 
The system transfer function was also obtained by deconvolution using the actual measured 
output voltage and the acoustic transfer function obtained in step 4. Using a Wiener filter in 
Eq. (32) to reduce the sensitivity of the deconvolution process to noise, we find 
+ £ max 17 
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Figure 11. (a) Measured input electrical impedance (amplitude and phase) versus frequency 
and (b) experimentally determined transducer sensitivity (amplitude and phase) versus 
frequency, of two 5 MHz, 6.35 mm diameter planar transducers used in the generation 
(dashed-dotted line) and reception (solid line) processes. 
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Figure 12. Synthesized (dashed-dotted line) and directly measured (solid line) output voltage 
signal of an ultrasonic pitch-catch measurement system, for a puiser energy setting of 1 and 
damping setting of 7. 
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Figure 13, shows the synthesized system factor and the deconvolved system transfer 
function for the pitch-catch setup shown in Figure 4, and with puiser settings of energy 1 and 
damping 7. It can be seen that there is excellent agreement between the two results. 
Synthesized voltage output signals using two other pairs of transducers were also 
obtained using the same pitch-catch setup already described. One pair of transducers had a 
frequency of 2.25 MHz, 12.7 mm diameter, and the other pair consisted of 10 MHz, 6.35 mm 
diameter transducers. Results are shown in Figure 14. The predicted response using 2.25 
MHz transducers show a difference of - 1.1 dB in the peak-to-peak voltage response with 
respect to that of the corresponding measured output voltage. For the 10 MHz transducers a 
larger difference (-2.5 dB) was observed although the shape of the two responses was very 
similar. 
3.2 Sensitivity and impedance changes 
In the new, simplified pulse-echo method used to determine transducer impedance 
and sensitivity it was noted that puiser damping settings affected somewhat the measured 
values of these parameters [4], Generally it was found the higher puiser damping settings 
reduced the low frequency amplitude of these quantities. With the EAM model we can 
determine the significance of these sensitivity and impedance differences by examining how 
they affect a primary quantity of interest, namely the synthesized received voltage, vR (t) in a 
measurement. In this study the transducer electrical impedance and sensitivity of both 
transmitting and receiving transducers were determined for puiser damping settings of 2, 5 
and 9 using the new pulse-echo method [4]. Those parameters were then used to predict the 
output voltage, VR (co). The puiser parameters used were those obtained at a damping setting 
of 7 (see section 3.1) and all of the other system parameters were left unchanged from those 
determined previously. Inverse FFTs were performed on each VR(co) to obtain the received 
voltage signal, vR (?). A maximum difference of 0.66 dB was observed between the peak-to-
peak voltage responses of vR (t) obtained using the transducer parameters for damping 2, 5 
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Figure 14. Synthesized (dashed-dotted line) and directly measured (solid line) output voltage 
signal of an ultrasonic pitch-catch measurement system using (a) 2.25 MHz, 12.7 diameter 
planar transducers and (b) 10 MHz, 6.35 mm diameter planar transducers, at a puiser energy 
setting of 1 and damping setting of 7. 
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and 9 with respect to the response obtained when transducer parameters obtained with the 
damping 7 were used. Also, a maximum difference of 0.26 dB was observed in the system 
transfer function at the peak amplitude for s(a>) obtained using the transducer parameters for 
damping 2, 5 and 9 with respect to s(a>) found in the previous section for damping 7. 
Since experimental errors of ldB or more are often observed in even very carefully 
controlled ultrasonic studies, it can be concluded that the differences observed in measuring 
the transducer impedances and sensitivities with the new pulse-echo method at different 
puiser damping settings had a negligible effect on the predicted output voltage response. 
Thus, the new pulse-echo method can be used reliably as part of a new, simplified set of 
procedures to obtain an EAM model of an ultrasonic system. 
4. SUMMARY 
An Electroacoustic Measurement Model [1] has been used to model a complete 
ultrasonic measurement system. The procedures for obtaining the system parameters of the 
EAM model have been simplified by using a new pulse-echo method to obtain the 
transducer(s) impedance and sensitivity parameters. Table 1 summarizes the number of 
measurements needed to characterize all the EAM model parameters for both pitch-catch and 
pulse-echo measurement setups either with the new pulse-echo transducer characterization 
method [4] or with the previously used three-transducer procedure [3]. Not only does the new 
pulse-echo method reduce the number of measurements needed for the EAM model, those 
measurements are also easier to obtain than with the three-transducer method as they are 
done in a single, fixed calibration setup. Thus, the protocol outlined in section 3.1 for 
predicting the system output voltage is now simpler and more practical than the previous 
method [2], 
The components of a pitch-catch measurement system were experimentally 
characterized with this new protocol and then combined to predict the output voltage of the 
measurement system. Very good agreement was observed between the experimentally 
determined and the synthesized output voltages for systems using 2.25 and 5 MHz 
transducers with some larger differences observed for the system containing a pair of 10 
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MHz transducers. It was also shown that the synthesized system's output voltage is not 
sensitive to changes in the transducer parameters obtained with the new pulse-echo method 
when the puiser damping settings are changed. Thus, the differences seen in [4] are not 
significant when placed in the EAM model to predict the measured output voltage. 
Table 1. Summary of model parameters that describe an ultrasonic measurement system and 
the measurement required to characterize those parameters experimentally for both a pulse-
echo and pitch-catch setups. 
Component Model parameters 
Number of independent measurements 
Single-transducer Three-transducer 
method method 
Puiser Equivalent voltage source, 
electrical impedance 2 2 
Cabling Transfer matrix 4, 8* 4, 8' 
Transducer Electrical input impedance, 
sensitivity 4, 8* 6, 12* 
Receiver 
Amplification factor, input 
electrical impedance 3 3 
Total of independent measurement 13, 21' 15, 25* 
For a pitch-catch measurement setup 
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CHAFER 6. GENERAL SUMMARY AND RECOMMENDATIONS 
FOR FUTURE STUDIES 
In the chapters two and three of this dissertation, ultrasonic measurement models that 
predict the received signals obtained in an ultrasonic NDE measurement system have been 
described. These measurement models can be applied to bulk wave ultrasonic inspection 
systems for numerous flaw types and measurement setups. In chapters two and three, the 
models have been used to simulate the response from three reference reflectors commonly 
found in NDE for calibration procedures and the sizing of flaws (flat-bottom holes, side-
drilled holes, spherical voids). Chapter two described models and measurements for the side-
drilled hole only while chapter three discussed models and benchmark problems for all three 
types of reflectors. 
In chapter three model-based studies were made to assess the effect of beam 
variations on the predicted output voltage of the system. It was shown that beam variations 
were important for flat-bottom holes greater than 2 mm in diameter, while in the case of 
spherical pores and side-drilled holes beam variations could be neglected over a wide range 
of reflector sizes. This finding is important since measurement models that neglect beam 
variations are simpler and computationally much more efficient than measurement models 
that include such variations. 
In chapter three studies were also made of modeling errors when using the Kirchhoff 
approximation. It was found that the Kirchhoff approximation, when used in an ultrasonic 
measurement model to predict the peak-to-peak time domain flaw response, gives inaccurate 
results (for all reflector types) when kb< 1, where k is the wave number and b is the radius of 
the flaw. However, for values kb >1-2 the Kirchhoff approximation was accurate. 
[Accuracy here is defined to be when a difference of less than 1 dB was observed between 
predicted flaw responses using the Kirchhoff approximation and a more exact scattering 
model]. 
In chapters two and three, model-based simulated flaw responses were also compared 
to experimentally determined flaw responses from these reference reflectors. It was found 
that the use of an appropriate measurement model in conjunction with the Kirchhoff 
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approximation gave peak-to-peak responses that agreed well with experimental results for all 
the normal incidence cases considered, using either focused or planar transducers. Also good 
agreement was observed for the refracted P-wave responses of side-drilled holes for oblique 
incidence cases except at high angles where differences were larger (> 1 dB). 
However, in the case of side-drilled holes for oblique incidence cases that generated 
SV-waves at refracted angles of 45 and 60 degrees, larger than expected differences were 
observed between the measured results and those predicted using either the Kirchhoff 
approximation or the exact separation of variables solution for the scattering amplitude. To 
see if these differences might be due to paraxial approximation errors in the beam model 
employed (a multi-Gaussian beam model) it was replaced with a non-paraxial (Rayleigh-
Sommerfeld) beam model, but no significant improvement was observed at these angles. In 
examining the errors present in the multi-Gaussian beam model, however, it was found that 
significant improvement in the predicted results could be obtained for a refracted 30 degree 
SV-wave (which is very close to the first critical angle) by simply using an averaged 
transmission coefficient in that beam model. Thus, it was possible to "fix up" the multi-
Gaussian beam model so that it worked well at inspection near a critical angle where the 
paraxial approximation is known to be inaccurate. 
The experiments for the SV-wave cases where there were larger than expected 
differences were independently repeated several times but the same results were obtained 
each time. A C-scan of the block containing the side-drilled hole was also performed to 
check for any hidden misalignment of the hole, but none was found. All of these results, 
however, were for pulse-echo responses taken at a single location and orientation of the 
transducer. It is recommended that pulse-echo B-scans of the side-drilled hole and some 
pitch-catch responses be obtained and compared with the model predictions to try to 
understand the differences seen in these cases. 
The Kirchhoff approximation worked remarkably well for the normal incidence cases 
examined with these common reference reflectors. However, the inadequacies of the 
Kirchhoff approximation as a flaw scattering model are well-known. It would be extremely 
useful to have other approximate flaw scattering models (that are also computationally 
efficient) to predict the response from different types of flaws found in practice. These flaw 
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types include surface breaking cracks, stringer-like inclusions, and other scatterers that are 
not necessarily relevant for the safety of the structure but are commonly found during 
inspection (i.e. porosity, weld undercuts, and distributed cracking). 
In chapter 4, a simplified model-based method for simultaneously determining the 
sensitivity and electrical impedance of a transducer in a pulse-echo setup has been presented. 
This approach reduces the complexity and time of the measurement process as well as the 
components that need to be characterized. 
In an ultrasonic measurement system the transducer electrical impedance and 
sensitivity are the two key transducer parameters. Transducer electrical impedance has long 
been a quantity that has been routinely obtained with direct electrical measurements. With 
this new method it is now also practical to obtain the transducer sensitivity in the same 
fashion and thus completely characterize the role of the transducer in the measurement 
process. 
In chapter 4, it was shown that the damping settings of the spike puiser used had 
some effect on the values obtained for the transducer sensitivity and electrical impedance. 
Chapter 5 showed that these differences in impedance and sensitivity had a negligible effect 
on the output voltage predicted in a calibration setup. However, it would be useful to obtain 
the impedance and sensitivity with other models or types of pulsers (such as square wave 
pulsers) to see how different instruments affect these measured values. 
Although the pulse-echo method to determine transducer electrical impedance and 
sensitivity has been used here only for planar transducers in an immersion system, it could 
also be used for focused immersion transducers and for contact transducers. In the contact 
transducer case there are several issues that need to be considered. These include the 
assumption that the radiation impedance of the transducer is equal to its high frequency 
(plane wave) limit. Also, the variations of the measured responses due to changes in the 
thickness of the coupling layer between the transducer and the specimen need to be examined 
[59] as those variations may significantly affect the transducer parameters [38]. References 
cited in this chapter can be found in the "Literature Cited" section of this work. 
In chapter 5 the transducer sensitivity and electrical impedance obtained using the 
new pulse-echo method were combined with measurements/models of the rest of the 
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components of an ultrasonic system to accurately predict the output voltage measured in a 
pitch-catch measurement setup. It was also shown that the system transfer function obtained 
by direct measurement agreed well with the same function synthesized by the measurement 
of all the underlying components (pulser/receiver, cabling, transducers). These results 
demonstrate that with the new method for determining transducer parameters we now have a 
practical way to measure all the elements of an ultrasonic system and determine the 
contributions of each element to the entire measurement chain. This capability should be 
used in the future to design, engineer, and optimize ultrasonic systems at many levels. 
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